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Abstract
Titanium (Ti) and its alloys have found important applications in aerospace, 
petrochemical, biomedical and many other industries because of their high specific 
strength, low density and excellent corrosion resistance. Especially, the demand of light 
structures in aerospace industries for improved propulsion efficiencies further trigger 
the need to explore the potential of novel materials which can replace the existing 
conventional materials. In this regard, weight savings with improved mechanical and 
tribological properties have become an extensive research area in the development of 
such novel materials. In chemical process industries, Ti is generally employed as a 
candidate material for pressure vessels, pipes, valves, and flanges etc. However, poor 
tribological properties of Ti limit its use in the tribosystems e.g., nuts, bolts, piping 
elbows etc. This is mainly because of highly reactive nature of Ti which hinders its 
applications in the sliding contact mechanisms and other tribosystems which requires an
additional expensive wear resistant coatings and lubricants. Mechanical and wear 
behavior of metal matrix composites (MMCs) for high temperature applications is 
exceptionally better than unreinforced alloys because of their higher stiffness, strength, 
hardness, fatigue strength, better thermal conductivity and controlled thermal expansion 
coefficient. 
The extraordinary mechanical and thermal properties of carbon nanotubes (CNTs) 
advocate their use as a reinforcement material in MMCs. These unique properties of 
CNTs are attributed to their seamless cylindrical morphology which is comprised of an 
intact sp2 carbon-carbon (C-C) bonds. Extensive research has been carried out in the last 
two decades to translate the superior properties of CNTs into the metal matrices of 
aluminum (Al), magnesium (Mg), copper (Cu) and nickel (Ni) etc. However, in the 
production of CNTs reinforced titanium metal matrix composites (TMCs), a major 
hindrance is the high reactive nature of Ti at higher temperatures during the high 
temperature consolidation stages which cause excessive damages to CNTs and 
formation of unwanted brittle phases, e.g., carbides, at the interface of CNTs and Ti 
matrix. The formation of interfacial products, e.g., titanium carbide (TiC) during the 
processing of CNTs reinforced TMCs has the potential to either improve or deteriorate 
vthe mechanical properties of TMCs. The improvement in mechanical and thermal 
properties of CNTs reinforced MMCs are generally attributed to effective load carrying 
capabilities, enhanced dispersion and wetting of hydrophobic CNTs with the 
hydrophilic metal matrices. Another challenge in the development of CNTs reinforced 
TMCs. is to achieve a homogenous dispersion of CNTs into the matrix while retaining 
their characteristic sp2 carbon network. The challenge arises from the nano-scale 
dimensions, characteristic tubular morphology, high aspect ratio, enormous surface area 
and strong Van der Waals forces which cause CNTs to agglomerate. To navigate these 
dispersion challenges, a high energy ball milling (HEBM) process via powder 
metallurgy has emerged as a promising dispersion technique to effectively disperse 
CNTs in metal matrices. Despite the effective dispersion of CNTs in metal matrices, 
harsh milling conditions during HEBM damage the CNTs resulting in loss of their 
unique properties. These structural defects in CNTs in the form of vacancies, broken 
side walls and open edges, create non-sp2 disorders in their C-C network, which 
eventually makes them lose their unique properties. Lack of information about the 
evolution of CNTs during the processing of TMCs may lead to a poor general 
understanding of the microstructures and resultant strengthening mechanisms.
Previous research on the fabrication of CNTs reinforced TMCs has been carried out 
using randomly selected parameters selected to improved dispersion of CNTs into the 
Ti matrix. Also, there is no consensus on how to establish relationships between the 
process parameters and resulting properties of the fabricated TMCs. The selection of 
dispersion methods, their parameters, and the influence of energies provided during 
these dispersion methods to CNTs have not been adequately studied. Such non-
standardised fabrication approaches can potentially lead to ambiguous results, making it 
hard to understand the strengthening mechanisms and to compare data. In addition, 
there is still a substantial gap in our understanding, whether to promote or avoid the 
formation of titanium carbides during the processing of CNTs reinforced TMCs.
Keeping all these factors in mind; the present study is undertaken to thoroughly 
investigate the effect of different process parameters of dispersion and consolidation 
stages on the sp2 C-C network of CNTs. An effort has been made to establish an 
understanding and relationships between the processing parameters and resultant 
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microstructures and mechanical properties of the fabricated TMCs. Research aims were 
achieved through a series of experimental studies and critical analysis of their results.
Results from this research are presented in the form of a series of scientific publications 
which form the individual chapters of this thesis.
In the first stage of this study, a quantitative technique was presented to study the nano 
structural evolution of multi-walled carbon nanotubes (MWCNTs) in the ball milled Ti-
MWCNTs powder mixtures. This quantitative technique was a key step in the 
understanding the formation of non sp2 defects and sub-sequent In-situ formation of TiC 
in the Ti-MWCNTs powder mixtures (Chapter 4). Different characterization 
techniques such as, Raman spectroscopy combined with X-ray diffraction, scanning 
electron microscopy and transmission electron microscopy were used to quantitatively
characterize the nano structural evolution of the crystalline phases in the MWCNTs-Ti 
powder mixtures after HEBM. The results obtained from this study showed that In-situ
formation of TiC layer around MWCNTs during ball milling depends upon the milling 
parameters and milling environment which may be controlled by setting the optimum 
milling parameters. The formation of TiC nanorods was observed in the powder 
mixtures which became more homogenous and dispersed at higher milling speeds and 
prolonged milling times. The spontaneous formation of TiC occurred once the cold 
welding of the Ti particles initiated during the HEBM process. Raman spectroscopy was 
found an effective tool for quantitatively determining the evolution of MWCNTs during 
the different processing stages of the metal matrix composites as well as to determine 
any In-situ interfacial reactions during the various stages involved in the fabrication of 
TMCs. In the second stage of this study, efforts were made to investigate the effect of 
process control agents (PCAs), generally known as surfactants i.e., stearic acid (SA) in 
the dispersion of MWCNTs into the Ti matrix. The main aim of this study was to 
improve the dispersion of MWCNTs with minimum damages to their characteristic sp2
C-C network and tubular morphology. Raman spectroscopy and TEM characterisation 
techniques were employed to investigate the defect concentration in MWCNTs. 
MWCNT-Ti composite powders were synthesized by using HEBM with and without 
the addition of SA, followed by consolidation using cold pressing. The results obtained 
from this study showed that absence of SA in Ti-MWCNTs promoted the cold welding 
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of Ti powders over fracturing and led to a poor dispersion of MWCNTs into the Ti 
matrix, which triggered the In-situ formation of TiC nanorods. Compared to Ti-
MWCNTs powder mixtures prepared via HEBM without SA, the defects concentration 
induced in MWCNTs with SA was relatively higher. This was attributed to the increase 
in diffusivity and interaction of fine titanium particles with MWCNT due to the addition 
of SA. The powder yield of the Ti-MWCNTs powder mixtures after HEBM was 
increased with the addition of SA, indicating an effective role of SA as a lubricant in the 
milling process. 
The third stage of this research described how to improve the dispersion and debundling 
of MWCNTs into the Ti matrix with minimum damages to their graphitic structure 
(Chapter 5). HEBM of pre-sonicated MWCNTs and Ti powders revealed excellent 
debundling and dispersion of MWCNTs into the Ti matrix. For the first time, an optimal 
energy in achieving uniform dispersion and de-bundled MWCNTs in Ti matrix without 
affecting their sp2 carbon-carbon network was calculated.  The In-situ formation of TiC 
in the ball milled powder mixtures was not observed. The powder mixtures were 
consolidated via vacuum sintering and spark plasma sintering (SPS). Compared to 
pressure-less vacuum sintering, SPS induced re-agglomeration of MWCNTs and 
slightly deteriorated the mechanical properties of TMCs. The results showed that 
sonication-assisted ball milling (SBM) was an effective and efficient technique to 
disperse CNTs into the metal matrices without losing their unique tubular morphology 
and characteristic structural integrity. The milling energy provided to the charged Ti-
MWCNTs powders was identified and dispersion of MWCNTS in the Ti matrix was 
achieved in two controlled ball milling processes: with and without in-situ formation of 
titanium carbide (TiC) (Chapter 6). The mechanical properties of the composites 
consolidated from the powder mixtures with in-situ TiC during HEBM were 
significantly enhanced. Homogenous formation of an interfacial layer of TiC around 
MWCNTs during HEBM protected the MWCNTs from undergoing further 
deterioration and interfacial interactions with surrounding Ti matrix at high temperature 
consolidation processing; whereas an inadequate dispersion due to low milling energy, 
absence of an interfacial layer and severe deterioration of MWCNTs triggered the 
formation of coarse TiC particles during subsequent high temperature isothermal 
sintering. The clustering of coarse TiC particles resulted in an undesired interface and 
the formation of pores and cracks, leading to inadequate mechanical properties. 
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Finally, the effect of milling energy provided to MWCNTs during various dispersion 
processing techniques, weight fractions and sp2 C-C network of MWCNTs, sintering 
temperatures, phase transformations, resultant microstructures, densification behaviours 
and resultant mechanical and tribological properties of MWCNTs reinforced TMCs 
consolidated via SPS have been studied (Chapter 7). De-bundled and well dispersed 
MWCNTs in Ti matrix significantly improved the compressive strength of the TMCs; 
however, addition of large quantities of MWCNTs and elevated sintering temperatures 
triggered the re-agglomeration of MWCNTs which led to gradual decline in 
compressive strength and tribological properties of the fabricated TMCs. The short 
sintering times and high temperature solid state sintering process make SPS a promising 
consolidation technique to fabricate TMCs with tailored properties. Further 
investigations were carried out to determine and quantify the strengthening efficiency of 
CNTs reinforced in TMCs in different concentrations by different dispersion methods 
and consolidation techniques (Chapter 8). The results showed that strengthening 
efficiency of CNTs in the composites consolidated from the powder mixtures with pre-
sonicated CNTs were significantly enhanced as opposed to the composites consolidated 
from the powder mixtures prepared via solely HEBM process. The key strengthening 
mechanisms were investigated in conjunction with the theoretical prediction of the 
mechanical properties of the fabricated TMCs. The improvement in mechanical 
properties of TMCs were attributed to the grain refinement, thermal mismatch between 
CNTs and Ti matrix, dispersion strengthening by reinforced CNTs and homogenously 
distributed fine TiC dispersoids, solid solution strengthening of the carbon element in 
the Ti matrix and load-transfer from the matrix to reinforced CNTs. 
In conclusions, this thesis demonstrates that in order to manipulate the reinforcing effect 
of CNTs in TMCs, the selection of processing parameters during dispersion and 
consolidation stages are critical and can play a significant role in resultant mechanical 
properties of fabricated TMCs. It also highlights that there is a need for a development 
of standardised dispersion methods to obtain uniform dispersions of nano-
reinforcements, e.g., CNTs in the metal matrices with minimum damage to their 
structural integrities. The results of this research will contribute to lay the foundations 
for the characterization and development of high strength CNTs reinforced TMCs that 
can be used in various advanced engineering applications. 
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Chapter Overview 
 
The objective of this chapter is to highlight the significance of various factors involved 
in the development of carbon nanotubes (CNTs) reinforced titanium metal matrix 
composites (TMCs). In this context, this chapter discusses the key issues and challenges 
involved in the processing of the TMCs. The purpose and significance of the present 
study are highlighted which is followed by a detailed discussion of the scope of this 
particular study. Finally, the structure of the thesis is presented, including a brief 
summary of each chapter. 
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1.1 Overview of carbon nanotubes reinforced titanium metal matrix composites 
Metal matrix composites (MMCs) are known as the most suitable materials to withstand high 
temperatures and structural loading conditions. MMCs exhibit better performance at elevated 
temperatures because of their higher tensile strength, hardness, Young’s modulus and better 
wear resistance, compared to unreinforced alloys [1, 2]. With these superior mechanical, 
thermal and physical properties, MMCs are considered to be novel engineering materials for 
aerospace, automobile, electronic, thermal and wear applications. Successful design and 
development of lighter structures with improved properties remains a significant research area 
through which it would be possible to minimize fuel consumption and enhance the durability 
and reliability of these structures under severe operating conditions. Mechanical and wear 
behavior of MMCs for high temperature applications is exceptionally better than unreinforced 
alloys because of their higher Young’s modulus, tensile strength, hardness, fatigue strength, 
better thermal conductivity and tunable thermal expansion coefficient. Alloys alone are not 
capable of providing strength and stiffness to structures simultaneously so it is expected that 
MMCs possess reinforcement to deliver strength and stiffness with the metal matrix delivering 
ductility and strength to the composite structure [1, 2]. A wide range of metal systems and 
reinforcements are available for MMCs, including for example Al, Mg, Ni, Ti, Cu, Fe, etc. and 
reinforcement systems in form of whiskers, fibers and particulates, e.g., boron, carbon fiber, 
carbon nanotubes, Kevlar, SiC.  
Since the discovery of carbon nanotubes in 1991 by Iijima et al. [3], extensive research has been 
carried out to develop polymer and metal matrix composite systems using CNTs as a 
reinforcement. Researchers successfully reinforced polymer matrices with CNTs to obtain 
significant improvement in the final properties of the composites [4, 5]. Combining CNTs with 
polymer matrices is relatively easier than with metal matrices for a number of reasons. One 
reason is the low processing temperature (100-250 °C) required for the manufacturing of 
polymer matrix composites (PMCs) compared to metal matrices processing temperatures (800-
1000 °C) which are relatively higher and thus challenging to obtain the required properties [6]. 
Polymers themselves exhibit very low mechanical and thermal properties and with the 
reinforcement of CNTs there would be significant increase in the properties which can easily be 
compared with unreinforced polymers systems. [1]. 
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Titanium and titanium alloys exhibit high strength to weight ratios and show excellent corrosion 
resistance but at the same time these materials have low Young’s modulus, wear resistance and 
lower heat resistance compared to carbon nanotubes [7]. Titanium metal matrix composites 
(TMCs) are generally considered to depict extraordinary mechanical performance because of 
their high strength, excellent heat and corrosion resistance. With the perspective of superior 
physical, mechanical, thermal and electrical properties of CNTs [8, 9], these TMCs are suitable 
for a wide range of engineering applications in automotive, aerospace and industrial 
applications [10]. In automotive industries these composites can be employed as engine 
cylinder liners, pistons, engine blocks, chassis, drive shafts, brake rotors, connecting rods, valve 
lifters, piston pins etc.  In the aerospace industry with better thrust to weight ratio of the 
composites, potential applications are exhaust nozzles, links, blades, cases, shafts, vanes after 
burner, fuselage structures, landing gear, stiffeners, drag brakes, compression and torque tubes 
etc. These composites can also be used for a number of other industrial applications such as 
wear resistant and hard cutting tools, drill bits, valves, gates, bicycle frames and other sports 
goods etc. Superior electrical properties of these composites make them suitable materials for 
electrical connectors, packing materials, battery plates and super conducting wires. However, 
challenges remain in manufacturing these materials by technically feasible and cost effective 
processing routes [11]. 
1.2 Research aims and objectives  
A substantial amount of work has been carried out in the past to use CNTs as reinforcement in 
MMCs. Nevertheless, a detailed understanding of the role of critical process parameters and an 
effective means of quantifying the evolution of CNTs and subsequent dispersion and 
strengthening mechanisms are still lacking. This is possibly due to the reason that previous 
research on the fabrication of CNTs reinforced TMCs has been carried out using empirically 
selected parameters which were used for the dispersion of CNTs into the Ti matrix. Also, there 
is no consensus on how to establish the relationships between the process parameters and the 
materials properties of the resultant TMCs. The selection of dispersion methods, their 
processing parameters, and the influence of impact energies provided to the CNTs during these 
dispersion methods have not been adequately studied. Such non-standardised fabrication 
approaches can potentially lead to ambiguous results, making it difficult to understand the 
strengthening mechanisms and to compare data. In addition, there is still a substantial gap in our 
understanding, whether to promote or to avoid the formation of titanium carbides during the 
processing of CNTs reinforced TMCs. For example, recent developments in CNTs reinforced 
MMCs have shown the formation and an effective contribution of interfacial products, e.g. 
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metal carbides, in the strengthening of such composites during the solid state sintering stages 
[12-14], however, contrary to this argument, recent work on Ti-CNTs composites by Wang et 
al. [15] elucidated the strengthening mechanism of CNTs without the formation of any 
interfacial products which  was controlled by a rapid low temperature consolidation of the 
composites.  
The main processing parameters explored in each of the three key areas are briefly described 
below: 
i. Dispersive behavior of CNTs: this considered the effect of starting powders, mixing 
techniques and methods, impact energies provided to CNTs during the dispersion 
processing, evolution of CNTs during the dispersion processes and characterisation of 
various nano-structural crystalline phases in prepared powder mixtures. 
ii. Consolidation of CNTs reinforced TMCs: this focused on different methods and critical 
parameters for the consolidation of Ti-CNTs powder mixtures with a specific interest in the 
evolution of CNTs during processing and the resultant microstructures of TMCs. 
iii. Interfacial interactions, mechanical properties and strengthening mechanisms: this 
focused on characterisation and quantification of interfacial interactions, mechanical 
properties and key strengthening mechanisms in the fabricated CNTs reinforced TMCs. 
The important research questions addressed in this work include: 
 What is the role of process parameters and environment of high energy ball milling 
(HEBM) on the nano-structural evolution of CNTs and their interactions with the Ti matrix? 
 Why the surfactants alone cannot improve the quality of dispersion of CNTs in the metal 
matrices? 
 What is the role of different dispersion methods on the crystalline phases in the initial 
dispersion stages and subsequent consolidation stages of CNTs reinforced TMCs? 
 How does the impact energy provided to CNTs during the dispersion processing affect their 
unique structure and subsequent change the microstructure of TMCs? 
 What is the effect of different volume fractions of CNTs on their dispersion in Ti matrices 
and subsequent microstructure and mechanical properties of the TMCs? 
 What are the contributions of different strengthening mechanisms and their relationships 
with the micro structural and mechanical properties of CNTs reinforced TMCs? 
The ultimate objective is to achieve TMCs with the following characteristics: 
(i) Improved mechanical properties. 
(ii) Improved tribological properties. 
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1.3 Thesis structure 
 
A flow chart representing the overall structure of the thesis is shown at the end of this chapter in 
Figure 1-1. This thesis is assembled as a combination of publications and submitted 
manuscripts resulting in 9 chapters as follows: 
 
Chapter 2 presents an overview of the related literature on CNTs reinforced TMCs, with 
particular emphasis on the role of different processing methodologies adopted for the 
fabrication of TMCs. The production techniques such as mechanical alloying through powder 
metallurgy routes and their effects on the mechanical properties of CNT reinforced TMCs are 
reviewed in this work. The role of the volume fraction of carbon nanotubes, their dispersion 
into the metal matrix and the importance of matrix-reinforcement interface are highlighted. The 
governing equations to predict the mechanical and tribological properties of CNTs reinforced 
titanium matrix composites are deduced. Latest developments in field of CNTs reinforced 
TMCs have also been included in the introduction section of respective chapters. The findings 
of this work were published in the Journal of Critical reviews in Solid state and Materials 
sciences. 
 
Chapter 3 provides a .methodological description of the materials and methods for the 
fabrication of CNTs reinforced TMCs. The characterisation techniques to study the evolution of 
CNTs during various processing stages of the composites are highlighted. The materials and 
methods of individual chapters are described as required in the relevant chapter to avoid over-
complication. 
The following chapters present, the effect of different dispersion processes and consolidation 
processes on the evolution of CNTs and the resultant microstructure and mechanical properties 
of the TMCs. 
 
In Chapter 4, work carried out on the effect of critical milling parameters of high energy ball 
milling (HEBM) on the morphology and resultant dispersion of CNTs in the Ti-CNTs powder 
mixtures. Multi-walled carbon nanotubes and commercially pure Ti powders were used as 
starting materials. Different characterisation techniques such as, Raman spectroscopy combined 
with X-ray diffraction, scanning electron microscopy and transmission electron microscopy 
were used to quantitatively characterise the nano structural evolution of the crystalline phases in 
the MWCNTs-Ti powder mixtures after different HEBM processes. The results obtained from 
this study showed that in-situ formation of TiC layer around MWCNTs during ball milling 
depends upon the milling parameters and milling environment which may be controlled by  
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prolonged milling times. The findings of this work were published in the Journal of Advanced 
Engineering Materials. Chapter 4 further describes the effect of process control agent (PCA), 
i.e., stearic acid (SA) in the dispersion of MWCNTs into the Ti matrix during the HEBM 
process. The main aim of this study was to develop an understanding and to validate the 
dispersive agent role of SA as a surfactant in the HEBM process. The understanding of the role 
of SA in the ball milling of Ti-MWCNTs powder mixtures helped in the modification of the 
dispersion process. The results obtained from this study showed that absence of SA in Ti-
MWCNTs promoted the cold welding of Ti powders over fracturing and led to a poor 
dispersion of MWCNTs into the Ti matrix, which triggered the in-situ formation of TiC 
nanorods. The findings of this work were published in the Journal of Advanced Engineering 
Materials. 
 
In Chapter 5, the dispersion process using the HEBM was modified by introducing a pre-
sonication process for an initial functionalization and their subsequent dispersion in the Ti 
matrix during HEBM. Dry HEBM process was compared with the newly developed solution 
ball milling (SBM) process. This work described how to improve the dispersion and debundling 
of CNTs into the Ti matrix with minimum damages to their graphitic structure by providing 
them an optimum amount of energy during the dispersion processing. The results indicated that 
effective debundling of CNTs improves the microstructure, mechanical properties of the 
composites, as well as enhance the chemical stability of CNTs during the high temperature 
consolidation stages. The result of this study was summarised in a paper published in the 
Journal of Materials and Design. 
 
Chapter 6 highlights the importance of the quantification of milling energy provided to the 
charged Ti-MWCNTs powders which resulted in the dispersion of MWCNTS in the Ti matrix 
via two controlled ball milling processes: with and without in-situ formation of titanium carbide 
(TiC). The powder mixtures with and without formation of TiC were consolidated via pressure-
less vacuum sintering followed by the characterisation of interfacial products, microstructures 
and t mechanical properties of the resultant composites. This chapter established the 
relationship between the parameters of dispersion processing and final microstructure after the 
high temperature consolidation of TMCs. This relationship helped to develop a process map of 
fabricated TMCs with improved mechanical properties. The findings of this work were 
published in the Carbon Journal. 
 
In Chapter 7, the influence of spark plasma sintering (SPS) was studied on the microstructure, 
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mechanical and tribological properties of the resultant TMCs fabricated via different dispersion 
methods as explained in previous chapters. An effort was made to develop an understanding of 
the dispersion processing techniques and sintering temperatures on the evolution of MWCNTs, 
resultant microstructure of the composites and their mechanical and tribological properties. The 
interfacial reactions between MWCNTs and Ti matrix were controlled by retaining the 
crystallinity and sp2 carbon network of the MWCNTs even at high sintering temperature during 
SPS. This chapter is currently under review for publication in the Journal of Materials Science 
and Engineering: A. 
 
Chapter 8 highlights the relationship between the mechanical properties of the fabricated 
TMCs with contributions of various strengthening mechanisms. On the basis of quantification 
of interfacial interactions between CNTs and Ti matrix and evolution of CNTs during various 
composite processing stages, these strengthening mechanisms i.e., Orowan looping, coefficient 
of thermal mismatch between CNTs and Ti matrix, grain refinement, load transferring from 
matrix to reinforcement and reinforcement efficiency of CNTs in the matrix have been 
calculated. Early predictions of the mechanical properties of the composites by shear lag model 
have been compared with experimental results. This chapter is currently in preparation for a 
publication in the Journal. 
 
Finally, Chapter 9 summarises all the significant findings of this work and makes some 
suggestions for further studies. 
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Figure 1-1 Flow chart presenting the structure of the study.       35 
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A brief introduction of CNTs reinforced TMCs, their potential, challenges, and the aims 
and objectives of this study were outlined in Chapter 1. This chapter critically reviews 
the existing literature on CNTs reinforced TMCs. A particular emphasis has been given 
to explore the potential of CNTs as a reinforcement material for metal matrix 
composites (MMCs) followed by processing parameters and routes which have been 
adopted for the fabrication of TMCs. Governing equations to predict the mechanical 
properties of CNTs reinforced TMCs are deduced. The latest developments in 
respective field have also been highlighted in respective chapters.  
 
This work has been published in Critical Reviews in Solid State and Materials Sciences.  
 
K.S. Munir, P. Kingshott, C. Wen, Carbon nanotube reinforced titanium metal matrix 
composites prepared by powder metallurgy—a review, Critical Reviews in Solid State 
and Materials Sciences 40 (1) (2015) 38-55. 
37 
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=bsms20
Download by: [RMIT University Library] Date: 10 July 2016, At: 23:07
Critical Reviews in Solid State and Materials Sciences
ISSN: 1040-8436 (Print) 1547-6561 (Online) Journal homepage: http://www.tandfonline.com/loi/bsms20
Carbon Nanotube Reinforced Titanium Metal
Matrix Composites Prepared by Powder
Metallurgy—A Review
Khurram S. Munir, Peter Kingshott & Cuie Wen
To cite this article: Khurram S. Munir, Peter Kingshott & Cuie Wen (2015) Carbon Nanotube
Reinforced Titanium Metal Matrix Composites Prepared by Powder Metallurgy—A
Review, Critical Reviews in Solid State and Materials Sciences, 40:1, 38-55, DOI:
10.1080/10408436.2014.929521
To link to this article:  http://dx.doi.org/10.1080/10408436.2014.929521
Published online: 12 Aug 2014.
Submit your article to this journal 
Article views: 568
View related articles 
View Crossmark data
Carbon Nanotube Reinforced Titanium Metal Matrix Composites
Prepared by Powder Metallurgy––A Review
Khurram S. Munir, Peter Kingshott, and Cuie Wen*
Faculty of Science, Engineering and Technology, Swinburne University of Technology, Hawthorn, Victoria, Australia
Titanium-based metal composites (TMCs) are showing great potential to replace existing
traditional materials in aerospace, automotive, and other high temperature engineering
applications. This is due to their excellent mechanical, thermal, and physical properties and
improved strength to weight ratio. Weight savings in the aerospace industry results in higher
efficiency. Carbon nanotubes (CNTs), because of their low density and high Young’s modulus,
are considered to be an excellent reinforcement for metal matrix composites (MMCs). In the
last 20 years extensive research has been carried out to investigate the combination of carbon
nanotubes with aluminum, nickel, copper, magnesium, and other metal matrices. The
production techniques such as mechanical alloying through powder metallurgy routes and
their effects on the mechanical properties of CNT reinforced TMCs are reviewed in this
article. The role of the volume fraction of carbon nanotubes and their dispersion into the
metal matrix are highlighted. Governing equations to predict the mechanical and tribological
properties of CNT reinforced titanium matrix composites are deduced. With the help of this
initial prediction of properties, the optimal processing parameters can be optimized.
Successful development of CNT reinforced TMCs would result in better wear and mechanical
behavior and enhance their ability to withstand high temperature and structural loading
environments.
Keywords titanium-based metal matrix composites (TMCs), carbon nanotubes (CNTs), powder
metallurgy
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1. INTRODUCTION
Metal matrix composites (MMCs) are known as the most
suitable materials to withstand high temperatures and struc-
tural loading conditions. MMCs exhibit better performance at
elevated temperatures because of their higher tensile strength,
hardness, Young’s modulus, and better wear resistance, com-
pared to unreinforced alloys.1,2 With these superior mechani-
cal, thermal, and physical properties, MMCs are considered to
be novel engineering materials for aerospace, automobile,
electronic, thermal, and wear applications. A lot of research
has been carried to improve the properties of MMCs as these
materials have the potential to replace the existing conven-
tional materials in many engineering applications. Successful
design and development of lighter structures with improved
properties remains a significant research area through which it
would be possible to minimize fuel consumption and enhance
the durability and reliability of these structures under severe
operating conditions. Especially in order to achieve higher
propulsive efficiencies in aerospace applications it is required
to design and develop the structures with improved properties
under elevated temperature conditions, e.g., variety of parts in
aircraft exhaust manifold, etc. Mechanical and wear behavior
of MMCs for high temperature applications is exceptionally
better than unreinforced alloys because of their higher
Young’s modulus, tensile strength, hardness, fatigue strength,
better thermal conductivity, and controlled thermal expansion
coefficient. Alloys alone are not capable of providing strength
and stiffness to structures simultaneously so it is expected that
MMCs provide reinforcement to deliver strength and stiffness
with the metal matrix delivering ductility and strength to the
composite structure.1,2 These improved properties are linked
with the appropriate selection of reinforcement and metal
matrix systems. Volume fraction, shape, size, and orientation
of reinforcements in metal matrix play an important role in
determining the properties of MMCs. Many combinations for
metal matrix composites are available in the literature for a
wide range of applications. It is another advantage of MMCs
for performance-driven applications that these properties can
be tailored accordingly. A wide range of metal systems and
reinforcements are available for MMCs, including, for exam-
ple, Al, Mg, Ni, Ti, Cu, Fe, etc., and reinforcement systems in
the form of whiskers, fibers, and particulates (e.g., boron, car-
bon fiber, carbon nanotubes, Kevlar, SiC).
This article presents an effort to evaluate the processing
challenges and to predict the properties of MMCs based on
carbon nanotubes as reinforcement in titanium metal matrix
systems. Since the discovery of carbon nanotubes in 1991 by
Iijima et al.,3 a lot of research has been carried out to develop
polymer and metal matrix composite systems using them as a
reinforcement. Researchers successfully reinforced polymer
matrices with CNTs to obtain significant improvement in the
final properties of the composites.4,5 Combining CNTs with
polymer matrices is relatively easier than with metal matrices
for a number of reasons. One reason is the low processing tem-
perature (100–250C) required for the manufacturing of poly-
mer matrix composites (PMCs) compared to metal matrices
processing temperatures (800–1000C) which are relatively
higher and thus challenging to obtain the required properties.6
Polymers themselves exhibit very low mechanical and thermal
properties and with the reinforcement of CNTs there would be
significant increase in the properties which can easily be com-
pared with unreinforced polymers systems. In contrast, metal
powders, such as titanium, have high mechanical and thermal
properties and thus reinforcing them with CNTs improves the
properties which are comparatively low as compared to
improvement while using polymer matrices.1 Titanium and
titanium alloys exhibit high strength to weight ratios and show
excellent corrosion resistance but at the same time these mate-
rials have low Young’s modulus, wear resistance, and lower
heat resistance compared to carbon nanotubes.7 With the
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perspective of superior physical, mechanical, thermal and
electrical properties of CNTs,8,9 these TMCs are suitable for a
wide range of engineering applications in automotive, aero-
space, and industrial applications.10 In automotive industries
these composites can be employed as engine cylinder liners,
pistons, engine blocks, chassis, drive shafts, brake rotors, con-
necting rods, valve lifters, piston pins, etc. In the aerospace
industry with better thrust to weight ratio of these composites,
potential applications are exhaust nozzles, links, blades, cases,
shafts, vanes after burner, fuselage structures, landing gear,
stiffeners, drag brakes, compression and torque tubes, etc.
These composites can also be used for a number of industrial
applications such as wear resistant and hard cutting tools, drill
bits, valves, gates, bicycle frames, other sports goods, etc.
Superior electrical properties of these composites make them
suitable materials for electrical connectors, packing materials,
battery plates, and super conducting wires. However, chal-
lenges remain to make these materials technically feasible and
cost effective.11
2. CARBON NANOTUBES (CNTs)—EMERGING
REINFORCEMENT FOR TITANIUMMATRICES
Multi-walled carbon nanotubes are considered to depict
extremely high mechanical properties with Young’s modulus
in the TPa range and tensile strengths of 150–200 GPa.3,12–17
Using carbon nanotubes (CNTs) as reinforcement in titanium-
based metal matrix composites (TMCs) reveals the superior
mechanical properties as CNTs does not show a brittle behavior
and they undergo plastic deformation under high bending stress
conditions during the milling process.18 Titanium and its alloys
are in use in many aerospace and petrochemical industries for
their excellent strength to weight ratios and corrosion resistance
but still their mechanical properties such as Young’s modulus
and wear resistance are less than nickel and steel.19,20 To com-
pensate for these deficiencies in titanium, CNTs with ultra-high
aspect ratios are supposed to be a better reinforcement because
of their high mechanical and thermal properties. The increase
in Young’s modulus of the final composite is attributed to uni-
form dispersion and distribution of CNTs in the metal matrix.21
Similarly, an increase in hardness of the composite as compared
to the unreinforced titanium alloy is attributed to the formation
of TiC bonds during the process of mechanical alloying.19
Achievement of these superior properties of CNT reinforced
TMCs are highly dependent on successful processing, charac-
terization and interpretation of results.
The homogeneous dispersion of CNTs in the metal matrix
system is challenging because the significant Van der Waals
forces present of CNTs cause agglomeration and bundle for-
mation of CNTs.22,23 Researchers have adopted different tech-
niques to overcome the agglomeration of CNTs. Some of
these techniques are: (1) high shear mixing;24,25 (2) ultra-soni-
cation;23,26,27 (3) surface oxidation;28,29 and (4) use of surfac-
tants.22 It is very important to analyze the CNTs before and
after the chemical or mechanical treatments because these
techniques may generate structural defects in CNTs. These
structural defects and disorders in the sp2 hybridized carbon
systems would affect the load-carrying capability of CNTs
from the metal matrix system.30 There are a variety of produc-
tion techniques of carbon nanotubes, e.g., arc discharge
method, chemical vapor deposition method, etc. These produc-
tion techniques may lead to some impurities contained in the
C-C systems which may require further purification steps. The
presence of such impurities affects the unique properties of
CNTs for which they were selected as reinforcement for
advanced metal matrix composite systems.
CNTs can be produced in a wide range of physical struc-
tures, e.g., single-walled carbon nanotubes (SWCNTs), dou-
ble-walled carbon nanotubes (DWCNTs), and multi-walled
carbon nanotubes (MWCNTs).31 These various physical struc-
tures of CNTs differ in dimensions as well as properties and
can be distinguished from each other by using various charac-
terization methodologies.32
Researchers have adopted several approaches to conduct
the qualitative and quantitative analysis of CNTs prior to proc-
essing for the development of composite system.33,34 Mor-
phology of CNTs can be observed using scanning electron
microscopy (SEM). X-ray diffraction (XRD) and energy dis-
persive x-ray spectroscopy (EDX) can be used to analyze the
phases and to identify the presence of chemical elements in
CNTs. Amorphous and crystalline phases can also be analyzed
using Raman spectroscopy (RS). Researchers have adopted
various routes to analyze the purity of CNT samples through
Raman spectroscopy and indirectly via thermogravimetric
analysis (TGA).35 Using these characterization techniques, it
is possible to conduct a qualitative and quantitative analysis of
CNTs as a starting material prior to processing with titanium
matrix for the development of TMCs. It is necessary to per-
form the initial characterization of CNTs for the development
of TMCs as any impurities or structural disorders within the
micro-structure of CNTs would affect the unique properties
for which the CNTs were selected as reinforcement in TMCs.
3. PREVIOUS WORK ON TITANIUM-BASED METAL
MATRIX COMPOSITES (TMCs)
Several processing techniques have been adopted by
researchers in this field to improve the properties of CNT/Ti
composites. Kuzumaki et al.19 demonstrated a significant
increase in Young’s modulus and hardness of CNT reinforced
titanium as compared to pure titanium. They adopted a powder
metallurgical route involving mechanical mixing followed by
hot pressing in a carbon die at 935C with a pressure of 30
MPa held for 2 h under vacuum. This method resulted in a
CNT reinforced TMC with a Young’s modulus of 198 GPa
(comparable with steel, E D 200 GPa), which is 1.7 times than
unreinforced titanium (ETiD 120 GPa) and similarly enhanced
the hardness up to 1216 (Vickers), which is 5.5 times the
40 K. S. MUNIR ET AL.
D
ow
nl
oa
de
d 
by
 [R
M
IT
 U
niv
ers
ity
 L
ibr
ary
] a
t 2
3:0
7 1
0 J
uly
 20
16
 
40
hardness of unreinforced titanium (221-Vickers hardness).
This significant increase in properties has been attributed to
changes in grain size and TiC bond formation during the pro-
cess of mechanical alloying and addition of CNTs of superior
properties to the metal matrix of intermediate properties. In
this research significant improvements in hardness and
Young’s modulus of the composite were achieved while
adopting the powder metallurgy route, but no information
about starting powder sizes and other critical process parame-
ters of mechanical alloying followed by hot pressing were pro-
vided. However, the research did open up a gateway to
discover the possibilities to achieve significant improvements
in the properties of the final composite.
Imam et al.7 adopted a powder metallurgical route in devel-
oping a composite structure while coating single wall carbon
nanotubes (0.5, 1.5, 4.5 wt.%) with Ti-Ni powders, and
achieved 900 Vickers hardness which is 4 times the hardness
of unreinforced titanium alloy. Kondoh et al.20 adopted the
approach of wet processing suggested by Fugetsu et al.36 by
un-bundled multi-walled carbon nanotubes (MWCNTs) using
the zwitterionic surfactant 3-N (N–dimethyl-stearyl amino
propane sulfonate). While adopting this approach, researchers
mixed titanium powder with a CNT enriched solution and
dried the mixture at 373 K for 3 h. Hot consolidation was car-
ried out later by spark plasma sintering in two steps; initially
at 873 K and a pressure of 20 kN for 60 min to remove the sur-
factant solids present on the surface of the coated powder, fol-
lowed by heating to 1073 K and a pressure of 41.6 kN for
30 min in vacuum sintering. The compacted Ti/CNT-based
composite was then pre-heated to 1273 K for 3 min in an
argon atmosphere in order to synthesize TiC in situ by reaction
of Ti with CNTs. Improvements in tensile strength (28%),
yield strength (48%), and hardness (9%) in the composite
were reported using 0.35 wt% CNTs.
Xue et al.37 proposed a heterogeneous coacervation method
to get a fine dispersion of CNTs in a Ti metal matrix. They
developed a very innovative idea to make a CNT-Ti compos-
ite. MWCNTs (30 wt.%, 20–30 nm diameter, 0.5–2 mm
length) were imparted with electronegativity by heating them
at 90C in a H2O2 solution for 2 h. The very strong oxidizer
H2O2 improved MWCNT dispersion in polar solvents by
imparting increased electronegativity (tendency of accepting
electrons) in MWCNTs and electro-positivity (tendency to
donate electrons) in titanium. An ethanol solution of cationic
surfactant, cetyl tri-methyl ammonium bromide (CTAB) etha-
nol solution (0.04 mol/L), was used for the dispersion of the
titanium powder (purity 99.5%, irregular shape, average diam-
eter 40 mm). Two dispersed solutions (MWCNTs and tita-
nium) were mixed together with mechanical stirring at
300 rpm for 30 min. The mixed solution was dried and 3 wt%
of the MWCNT-Ti composite powder was subjected to spark
plasma sintering at 800, 900, and 1000C at a heating rate of
100 C/min and a pressure of 50 MPa with a holding time of
5 min. XRD results revealed the formation of TiC at higher
sintering temperatures starting at 800C.38,39 The relative den-
sity increased with the sintering temperature but at the cost of
loss in strength of the MWCNT-Ti composite due to interfa-
cial reactions. The composite showed steady compressive
resistance without fast crack propagation, even with strain
reached up to 0.4. The composite showed good plastic behav-
ior under high temperature loads.
Li et al.40 prepared CNTs-based Ti metal matrix compo-
sites while adopting a powder metallurgical route. Mixtures of
Ti and 0–0.4 wt% CNTs powders were prepared with rocking
milling for 2 h and consolidated at 1073 K using spark plasma
sintering with a heating rate 20 K/min under a pressure 30
MPa for 30 min under a vacuum of 5 Pa. Further heat treat-
ment was carried out with heating the compact up to 1273 K
for 3 min under an argon gas atmosphere. The billet was then
extruded using a hydraulic press at an extrusion ratio 37:1.
Mechanical testing revealed an increase of 11.3% in tensile
strength and an increase of 40.2% in yield strength. Some
researchers adopted wet processing to get better dispersion of
CNTs into the titanium matrix but the work is more focused
on achieving a better dispersion of CNTs without reporting the
specifications of starting powder materials and other process
parameters which play an important role in determining the
final properties of the composite. CNT-based TMCs are still
very much in the research phase and it is important to develop
a specific production strategies based on efficient dispersion
and controlled interfacial reactions to tailor properties of inter-
est. Researchers attributed the enhancement of hardness to for-
mation of TiC during the process of mechanical alloying with
simultaneous improvements in Young’s modulus but with the
expense of ductility in the final composite. It is therefore
important to validate whether TiC formation occurs to get a
better understanding of the final composite properties which
can be used in a variety of engineering applications.
4. PROCESSING CHALLENGES
There are different parameters which have their roles in
determining the final properties of composites, e.g., starting
powder size selection, morphology of starting powders, choos-
ing the appropriate volume fractions,41 processing techniques,
dispersion mechanisms of CNTs in the matrix,42 interfacial
reactions and stability of CNTs in the matrix, consolidation
techniques, and sintering. Reinforcement of titanium metal
matrices with carbon nanotubes is challenging. Some of these
challenges are: (i) uniform dispersion of CNTs in the metal
matrix, (ii) structural damage to CNTs during processing, and
(iii) minimal CNTs-matrix reactions (these reactions could ini-
tiate titanium carbide formation at high temperatures). Non
uniform distribution of CNTs in the matrix leads to agglomer-
ation.1,2,20,43–45 Also, during the consolidation process CNTs
can be damaged and eventually lose their properties benefits.46
Thus, with such challenges it is important to adopt a produc-
tion technique which would ensure the minimal structural
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damage to CNTs due to high stress fields and reactions with
the metal matrix at elevated temperatures during processing.
Issues of successful dispersion and homogeneous distribution
of CNTs in titanium matrices can be achieved by growth of
CNTs on metal powder particles. For this technique it is
required to deposit a catalyst nanoparticles, e.g., Si, Ni, etc.,
on the metal powders.2 Isotropic mechanical properties can be
achieved with the homogenous distribution of reinforcement
in the metal matrix.47–50 The formation of titanium carbide
would have both a positive or negative impact on the final
properties of the CNT/Ti composite.1
Researchers developed a few techniques and documented
them to overcome the dispersion issues with high-energy ball
milling,7,19,40,46 low-energy ball milling,46 polyester binder-
assisted processing,46 and some other methods such as via wet
process using surfactants,20,36 but there are very few studies
that have solved the problems of enhancement of mechanical
bonding between CNTs and metal matrix.51 Ultimate chal-
lenges to develop CNT reinforced titanium matrix composites
are to achieve efficient dispersion of CNTs in titanium metal
powder with short consolidation times.1
This review summarizes the processing approaches for
TMCs in order to get a better understanding of the processing
parameters and the bottlenecks in using TMCs.
5. POWDER METALLURGY PROCESSING
Processing methods play an important role in the final prop-
erties of composites. Integration of carbon nanotubes as rein-
forcement in titanium matrices is highly dependent on process
parameters. These process parameters control the microstruc-
ture and eventually the final properties of the composite.1
Powder metallurgy is supposed to be a better processing tech-
nique for metal matrix composites for a number of rea-
sons.1,2,19,20 One advantage of the powder metallurgical route
over ingot metallurgy is that a wider range of compositions
can be synthesized using this technique, unlike ingot metal-
lurgy, it is not governed by thermodynamics and phase dia-
grams.1 In the case of ingot metallurgy, because of the low
density of CNTs as compared to metal matrices, CNTs are
likely to get separate because of the buoyancy forces.20 In this
article, different possibilities are discussed on the different
powder metallurgical routes.
Conventional powder metallurgy routes for the manufactur-
ing of metal matrix composites start with the process of mixing
and blending of starting powders which is carried through high-
energy ball milling (planetary ball mill) or low-energy ball
milling (horizontal shaker), which is known as the process of
mechanical alloying and is followed by consolidation of mixed
powders. There are several consolidation techniques, e.g., con-
ventional sintering, hot pressing, spark plasma sintering, and
deformation-assisted sintering. In order to achieve specific
properties sometimes secondary processing of the developed
metal matrix composite is required, e.g., hot extrusion and, hot
rolling. Figure 1 shows a schematic of the whole powder metal-
lurgy route for the development of metal matrix composites.
5.1. High-Energy Ball Milling
Mechanical alloying is a very efficient and effective technol-
ogy through which it is possible to synthesize a variety of
materials and thus produce a variety of compounds, metastable
solid solutions, and nano crystalline materials.52,53 High-energy
ball milling is supposed to be a better mechanical alloying tech-
nique for uniform dispersion of CNTs in titanium matrices.54 In
this process the metal powders undergo deformation, cold
welding, and fragmentation.55 Mechanical alloying occurs as
the titanium and CNTs powders are fed into the rotating sample
holder of a planetary ball mill along with hardened grinding
media (steel or ceramic balls). This milling process facilitates
the deformation, fracture, and fragmentation of powders and
eventually mechanical bonding of CNTs with titanium par-
ticles.1,19 During the ball milling, the parameters of mechanical
alloying are of key importance, e.g., ball to powder ratio, size
of balls, radius of sample holder, milling time and milling
speed (rpm), and interval between the milling duration, these
parameters govern the deformation of clustered CNTs.1 CNTs
are likely to lose their properties due to extensive structural
FIG. 1. The powder metallurgy process.
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damage during the harsh milling conditions. Interfacial phe-
nomenon is another factor in which milled CNTs are likely to
react with titanium which may lead to CNTs losing their prop-
erties and formation of TiC takes place as well.1,40 The critical
speed of ball milling is an important parameter at which cen-
trifugal force becomes equal to gravitational force. Critical
speed of ball mill is given by the following relation:
ncD 1
2p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
g
R¡ r
r
; (1)
where R is radius of ball mill (m) and r is radius of grinding
ball (m).
The centrifugal force inside the ball mill can be calculated
by the following equation:
FcD mv
2
R
; (2)
where R is radius of ball mill (m), m is mass of grinding balls
(kg), and v is velocity (m/s).
Critical speed of the ball mill is an important parameter,
above which the balls will be pinned to the inner walls of the
vial and would not fall down to exert any impact force. There-
fore, the maximum speed should be just below this critical
value so that the balls fall down from the maximum height to
produce the maximum collision energy.56 The kinetics of the
mechanical alloying depends on the impact energy transferred
to the powder from the grinding balls in the ball mill.57,58 Dur-
ing the process of mechanical alloying using ball milling there
are several process variables which are linked with each other
and also they have potential to affect final properties of the
composite.52,56 These process variables are: (i) type of mill,
(ii) milling container, (iii) milling speed, (iv) milling time, (v)
type, size and distribution of grinding medium, (vi) ball to
powder ratio (BPR), (vii) milling atmosphere, (viii) process
control agent (PCA), and (ix) temperature of milling.
Milling temperature is dependent on the kinetic energy gen-
erated by balls, milling environment, and characteristics of the
starting powders.59 This milling temperature is linked with the
diffusivity and defect concentration and thus influences phase
transformation in the starting materials.59 As stated, CNTs
may lose their significant properties due to harsh milling con-
ditions. Kukovecz et al. 60 established a relationship between
milling time and decrease in carbon nanotube length:
MWCNTlengthD ¡ 1927C 2865e¡ time598ð ÞC 1202e¡ time0:5ð Þ:
(3)
Figure 2 shows the effect of milling time on the length of
carbon nanotubes during the process of mechanical alloying in
the ball mill.
Shortening of CNTs is carried out because of bending
forces on side walls of CNTs which are greater than Van der
Waal forces responsible for clustering and agglomeration.61
These shortened CNTs with increased surface area and
improved hydrophilic properties are promising fillers in nano
composites.61 It is also very important to employ a lubricant
(process control agent—PCA) during the ball milling process
which is vital to avoid cold welding of powders with the sam-
ple holder walls and thus cause agglomeration.62,63 Steric acid
in low quantities 0.5–1 wt% is known to be a good process
control agent to avoid agglomeration.64,65 Significant reduc-
tion in the particle size of powder has been reported by using
steric acid as a process control agent 1 wt%.66 The high-
energy planetary ball mill is very effective equipment for
mechanical alloying as it has planet like movements of its
sample holders called vials.66,67 Figure 3 shows a schematic
diagram of a milling process in planetary ball mill.
FIG. 3. Schematic diagram of planetary ball mill.
FIG. 2. Milling time vs. length of CNTs.
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Koch68 described the phenomenon of contamination dur-
ing the process of high-energy ball milling in which iron con-
tamination is caused by using the steel balls and sample
holders. During the milling process a thin layer of powder
mixture covers the grinding media which is beneficial from
the perspective of controlling the wear and tear of media and
thus contamination.66 Kakuk et al.57 established a relation-
ship between the angular velocity of the base rotary disk in a
planetary ball mill, the sample holders (vials) and other geo-
metrical parameters of the mill. Many researchers have
pointed out the changes in morphology of the starting pow-
ders after harsh milling conditions and it is thus required
to get more planned mechanical milling for the decomposi-
tion of powders.57,63,69 Lu et al.70 demonstrated the idea to
establish a relationship between the angular velocity of the
sun disk in a planetary ball mill with the impact velocity,
with the help of such a relationship it is thus possible to eval-
uate how the impact energy acts upon the powder during
mechanical milling. Figure 4 shows a schematic sketch of
planetary ball mill with some critical parameters of planetary
ball mill.
5.2. Consolidation Techniques
There are a few techniques for the consolidation of metal
matrix composites which can be categorized as follows: (i)
conventional sintering, (ii) hot pressing, (iii) spark plasma sin-
tering, and (iv) deformation processing. In this article, an
attempt is made to compare feasible consolidation approaches
with the perspective of manufacturing a CNT-Ti composite
with good mechanical and physical properties.
Conventional compaction of blended metal powder mix-
ture followed by sintering is not an effective method to
enhance the CNTs dispersion in the metal matrix.1 Any
agglomeration exists in the composite during mechanical
alloying would also be present in final composite after consoli-
dation. This conventional technique of consolidation also leads
to a less dense structure with porosity which would lead to
poor mechanical properties. Hence, researchers have adopted
other routes of consolidation which include hot pressing and
deformation assisted sintering techniques.1,2
Hot pressing is a useful consolidation technique as it
results in dense compacts.1 Milled powder mixtures are sub-
jected to temperature and pressure to get dense compacts.
Heating during the compaction of powder mixtures in a carbon
or graphite die can be incorporated by electric resistance heat-
ing, induction heating, or radiation.1 During the hot pressing
CNTs prohibit the grain growth of titanium powder due to
their high thermal stability under elevated temperatures.1,71
The initial distribution of CNTs in the metal powder during
mechanical alloying plays an important role as it retains in the
compact.1 Figure 5 shows the schematic diagram of a hot
FIG. 4. Schematic sketch of planetary ball mill with parame-
ters of planetary ball mill, db: the diameter of the balls, mb:
the mass of the balls, Nb: the number of the balls, rp: the dis-
tance between the rotational axes, rv: the radius of the vial.
FIG. 5. Schematic diagram of a hot pressing set up.
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pressing set-up. The time required to achieve composites with
higher densities is 1 h in most research carried out to date.
Spark plasma sintering (SPS) is a modern consolidation
technique in which a direct pulse current is passed from the
die containing the powder blend.1,2 With this technique it
is thus possible to reduce the sintering time which is very
important for CNT-based metal matrix composites in order
to avoid the interfacial reactions during sintering.72 SPS is
an efficient technology through which it is thus possible to
consolidate nano-powders without giving them sufficient
time to incorporate grain growth.2 SPS is assisted by uni-
axial press, punch electrodes, vacuum chamber, controlled
atmosphere, DC pulse generator, temperature, and pressure
measuring units.73 Figure 6 shows the schematic diagram
of a spark plasma sintering set-up. Researchers have suc-
cessfully developed CNT-based TMC’s while adopting the
consolidation technique of spark plasma sintering.20,37,40,74
With the help of spark plasma sintering it is thus possible
to reduce the sintering time and this minimize the interfa-
cial reactions to achieve remarkable properties out of CNT
in the metal matrix composites.1,2 Zhang et al.75 demon-
strated the significant effects of sintering temperature on
the relative density and yield strength of compacts.
Deformation processing is a consolidation technique,
through which it is possible to break down the agglomer-
ated CNT structure with high shear forces.1 Almost all of
the sintering techniques have nothing to do with the CNTs
dispersion and it remains the same as they were during
mechanical alloying (ball milling). Micro-voids and poor inter-
facial strength in composites lead to lower tensile strength.76,77
Researchers have reported significant increase in mechanical
properties with better consolidated metal matrix composites
structure while adopting deformation processing techni-
ques.18,77-80 Deformation processing techniques such as hot
extrusion and hot rolling are considered to be effective pro-
cesses to break down the CNT clustering into a consolidated
composite structure.1 Researchers marked rolling a better proc-
essing technique than extrusion on the grounds to achieve bet-
ter alignment of CNT clusters in the metal matrix.81,82
Figure 7 shows the schematic diagrams of hot extrusion and
hot rolling set-ups. Researchers also reported the improvement
in wear resistance properties in rolling processed metal matrix
composites.83 Appropriate consolidation techniques result in
better CNT dispersion and alignment in the metal matrix.2
Wanjara et al.84 reported that the deformation assisted consoli-
dation technique is a better way to minimize the interfacial
reactions while decreasing the sintering time.
6. INTERFACIAL PHENOMENON––FORMATION
OF TiC DURING MECHANICAL ALLOYING
Applied load on metal matrix composites is transferred to
reinforcement through the metal matrix.42,85,86 In this regard
the metal-reinforcement interface plays a vital role in deter-
mining the final properties and load-carrying capabilities of
composites.87,88 It is very important to consider the following
aspects during the processing of CNTs in the metal matrix: (a)
chemical stability of CNTs in the metal matrix, (b) thermody-
namics and kinetics of carbide formation at interfaces, and (c)
wettability of CNTs in the metal matrix. In the presence of an
interfacial layer, the strength of a composite is linked with the
strength of interfacial compound which is titanium carbide
formed due to reaction between the titanium powder and
CNTs. It is thus very important to understand the reaction
mechanism of the carbide formation in metal matrix compo-
sites. Two theories have been presented so far to justify the
carbide formation at the interface of titanium and CNTs,89–92
which are as follows: (i) gradual reaction through elemental
diffusion and (ii) self-propagating high temperature synthesis
(SHS). The wetting behavior of CNTs are very important as
non wettability of CNTs would result in the poor interfacial
bonding between the titanium metal matrix and the CNTs, and
this will lead to bad interfaces with porosity.1 It is very impor-
tant for a metal matrix to show a good wettability with CNTs
reinforcements in order to avoid micro-scale cavity formation
and delamination at the interface in case of poor adher-
ence.86,93 These wettability issues are dependent upon the sur-
face properties of reinforcement and other process parameters
like temperature, pressure, atmosphere, etc.85,86,93–96 In order
to get good wettability of CNTs, researchers employed differ-
ent coating techniques through which CNTs have been coated
with metal powders using different solvent treatments andFIG. 6. Schematic diagram of a spark plasma sintering set-up.
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surfactants.6,51,82,97 CNTs have the remarkable property of
chemical stability as they are made up of sp2 bonded carbon
atoms. The following equation governs the carbide formation
during reaction of metal powder with carbon:1
x
y
MCCD 1
y
MxCy; (4)
where x and y are the stoichiometric molar fractions, M and C
denote metal and carbon source powders, respectively.
Alignment of CNTs in the metal matrix has effects on the
load-carrying mechanism of the composite. It is thus important
to develop a strong interface so that load can be transferred to
CNTs to utilize their superior mechanical properties.2 A weak
interface would result in lower mechanical properties and lead
to interfacial failure due to CNT pull-out phenomenon at low
loads.1,89 Jia et al.89 reported the formation of TiC after 5 h of
milling of CNTs with Ti powders and showed the results of
homogenous distribution. They suggested that the formation
of TiC during mechanical alloying is governed by gradual dif-
fusion reaction mechanisms. Figure 8 shows the schematic
diagram of titanium carbide layer formation on the interface
of matrix and reinforcement.
Many researchers have shown the formation of TiC during
the process of mechanical alloying at different milling times
using XRD diffraction techniques.1,2,19,89 Jia et al.89 suggested
a formation of TiC from XRD analysis at different milling
times which is shown in Figure 9. Kuzumaki et al.19 reported
a 450% increase in Vickers hardness due to formation of TiC
as compared with unreinforced titanium alloy. It is still under
debate whether to encourage the formation of TiC during the
process of mechanical alloying as the formation of carbide
reduces the benefits of the superior mechanical properties of
CNTs.1
NaCl type nano crystalline TiC is very stable with a very
high melting point (3373 K) and has absolute value of high
heat of formation,64,98 and it does not decompose in any tem-
perature range of interest. Also, it is known as the hardest
metal carbide.89,99–104 Most of the researchers who achieved
significant increases in hardness in metal matrix composites,
attributed this increase to formation of TiC during mechanical
alloying.19,89 Because of its significant high properties such as
hardness, toughness, wear resistance, and infusibility, titanium
carbides themselves are being used in many industrial applica-
tions.89,105 An important aspect is loss in the ductility of
FIG. 7. Schematic of various deformation processes: (a) hot extrusion and (b) hot rolling.
FIG. 8. Schematic diagrams of different modes of load trans-
fer to CNTs when parallel or normal to loading direction.
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composites due to formation of interfacial carbides in metal
matrix composites.2,89 It is thus concluded that properties of
such metal matrix composites can be tailored according to
requirements. Agarwal et al.1 summarized the Gibbs free
energy of various metal carbides as a function of temperature
reported by various researchers. For the formation of titanium
carbide, the negative values of change in free energy (¡180 k
J/mol at 100C and ¡155 k J/mol at 1500C) indicate the
spontaneous exergonic nature of the chemical reaction.
Kudaka et al.56 reported TiC formation is the result of
mechano-chemical displacement reactions (MDR) which is
given by Ti C C D TiC with a reaction enthalpy of ¡184.5
KJ/mol. For TiC formation standard free energy, DG, can be
calculated by the following equation:40
DGD ¡ 184571:8C 41:382T¡ 5:042T ln TC 2:425
£ 10¡ 3 T2¡ 9:79£ 105=T .where T< 1939K/: (5)
Li et al.40 reported in situ formation of TiC during reaction
of Ti with CNTs and calculated the Gibbs free energy at
1073 K which was ¡172 k J/mol. Hence, it may be concluded
that the CNT and metal matrix interface has significant effects
on mechanical properties and microstructure evolution of the
final composite.1 Wetting of CNTs would result in less cluster-
ing and agglomeration effects and would be beneficial to pro-
vide a better bonding between CNTs and metal matrix,1,2,89
and thus enhance the load transfer efficiency to CNTs. Using
XRD characterization, it is possible to determine the formation
of TiC during different milling times by analyzing the samples
in intervals during processing.
7. GOVERNING PRINCIPLES FOR MECHANICAL
AND THERMAL PROPERTIES OF CNT-REINFORCED
TITANIUM COMPOSITES
In metal matrix composites, the volume fraction of metal is
kept to at least 50% because the composite will transfer the
applied load to reinforcement material through the
matrix.106,107 The final composite exhibits the combined prop-
erties of constituting elements and thus it is possible to tailor
the amount and type of constituting materials as per require-
ments.108 Required mechanical properties can be achieved
either by altering the content or the processing technique.109
The ultimate objective is to achieve TMC with the following
characteristics: (i) improved mechanical properties, (ii)
improved thermal conductivity, (iii) improved electrical
conductivity, (iv) reduced thermal expansion coefficient,
and (v) reduced coefficient of friction. It is evident that the
strengthening mechanism of the composite structure is
associated with the load transferring capabilities from the
metal matrix to the CNTs. Few researchers have used
micromechanical models to predict the tensile properties of
metal matrix composites but due to the large aspect ratio
of CNTs it is still a question whether these micromechani-
cal models can be used to predict the properties while
using CNTs as reinforcement.110–112 Because of strengthen-
ing, toughening, stiffening and interfacial reaction issues it
is thus very difficult to predict the actual properties of the
CNT-reinforced metal matrix composites.110
The following sections discuss the governing equations
that can be used to predict the properties of CNT-based
metal matrix composites and it would be feasible later on to
identify the role of process variables while comparing the
predicted properties with the actual properties from experi-
mental results.
7.1. Tensile Properties
Hardness is a measure of how resistant solid matter is
to various kinds of permanent shape change when a force
is applied. Several researchers have used the modified rules
of mixture to evaluate the modulus and strength of the
composites.113–117
The Young’s modulus in the longitudinal direction, Ec (L)
is given by:118
Ec.L/DEmVmCErVr; (6)
where Vm is volume fraction of matrix material, Vr is volume
fraction of reinforcement material, Em is Modulus of matrix
material, and Er is Modulus of reinforcement material.
FIG. 9. XRD patterns of as milled powders from Ti and CNTs
after different milling times. ( Elsevier. Adapted by permis-
sion of Jia et al.89 Permission to reuse must be obtained from
the rightsholder.)
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While Young’s modulus of the composite in the transverse
direction, Ec (T) is given by:
118
1
Ec.T/
D Vm
Em
C Vr
Er.T/
(7)
whereas Er Tð Þ is the Young’s modulus of the reinforcement in
the transverse direction.
Bakshi et al.2 used the Voigt-Reuss model to predict the
modulus of composite structures with randomly oriented rein-
forcement which is given by:
EcD 3
8
Ec Lð ÞC 5
8
Ec Tð Þ: (8)
Poisson ratio of the composite, nc, is given by:
118
ncD nmVmC nrVr; (9)
where nm is Poisson ratio of matrix material and nr is Poisson
ratio of reinforcement material.
Shear Modulus can be calculated from the Young’s modu-
lus by the following equation:118
GcD Ec
2.1C nc/ : (10)
Bakshi et al.2 calculated the bulk modulus, Kc, using the
Young’s modulus of the composite, which is given by the fol-
lowing equation:
KcD Ec
3.1¡ 2nc/ : (11)
Tensile strength of MMCs, (T.S)c, can be determined by the
following equation:119
.T:S/cDVr.T:S/rCVm[dm.er/]; (12)
where dm (er) is the matrix flow stress at reinforcement strain er
and (T.S) r is the tensile strength of the reinforcement.
Ultimate tensile strength of MMCs can be given by:120,121
s D s 0rVrC s
0
r.1¡Vr/
Em
Er
; (13)
whereas s
0
r is the reinforcement’s failure stress.
In the presence of an interfacial layer, the ultimate tensile
strength of MMCs is given by the following equation:122
sUTSD 1C 2b
D
 
sshear
D
l¡ 1C 2b
D
 
sm
 
VrC sm; (14)
where sshear is the shear strength of interface, b is the width of
interface layer, D is the diameter of reinforcement, and l is the
length of reinforcement.
7.2. Thermal Properties
7.2.1. Coefficient of Thermal Expansion
The longitudinal thermal expansion coefficient ac (L) can
be derived by:118
/ clD / mEmVmC / rErVr
EmVmCErVr (15)
where / m and / r are the coefficients of thermal expansion
for matrix and reinforcement materials, respectively.
Transverse thermal expansion coefficient ac (T) can be
derived by:118
ac.T/D .1C nm/amVmC .1C nr/ arVr¡ac.L/nc: (16)
For low reinforcement volume fractions such as Vr >
0.2»0.3, ac (T) can be given by:118
ac .T/D .1C nm/ amVmCarVr: (17)
7.2.2. Thermal Conductivity
The thermal conductivity of a material is another important
thermal property. Thermal conductivity of the composite in
axial direction, kc(L) is given by the following equation which
is derived from the rule of mixture:118
kc.L/D kr.L/VrCkmVm; (18)
where kr and km are the thermal conductivities of the rein-
forcement and matrix material, respectively, whereas thermal
conductivity of the composite in transverse direction, kc(T) is
given by:
kc.T/D kr.T/VrC kmVm: (19)
7.3. Creep
Creep is the tendency of the solid material to move
slowly or undergo plastic deformation under the influenced
of applied stresses. The main objective of developing metal-
based composite materials is to achieve better creep resis-
tance. For all structural and non structural applications,
MMCs will be subjected to high constant loads for longer
durations at temperature above half of the homologous
temperature.123
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Generally, continuous reinforcement reinforced MMCs
shows higher creep resistance than other metal alloys. As
matrix starts to creep, an increasing fraction of load is trans-
ferred on reinforcements.118
Creep rate of MMCs, e_ can be given as:
e_DAsn; (20)
where A is the cross-sectional area of composite, s is the
applied stress, and n is the stress exponent, normally 4–5 for
dislocation climb.
Creep behavior of MMCs, e_c is given by:
e_cD
Asn[1¡ e_2 1 ]n
1C VrEr
VmEm
h i
Vnm
; (21)
where 2_1 is the asymptotic creep strain, it is given by follow-
ing equation:118
2 1 D
sc
VrEr
: (22)
Srinivasan119 suggested another equation to predict the
creep behaviour of MMCs which is given by:
e_DA d
G
 n
exp
¡DQ
kT
 
; (23)
where D is the applied stress, e_ is the creep rate, G is the shear
modulus of composite, DQ is activation energy, k is Boltz-
mann constant, and T is temperature in Kelvins.
So applying the rule of mixture, the overall creep rate of
composite is given by:119
e_scDVresrCV_me_sm: (24)
7.4. Fracture
Fracture strength is the resistance to the separation of an
object or material into two, or more, pieces under the influence
of mechanical stresses. MMCs are known as good materials
for structural application because of their significant stiffness
to weight and strength to weight ratios.124,125 In the absence of
large defects, fracture is controlled by reinforcements, and can
be modeled by simple rule of mixture approach which is given
by:
sUTSD s 0rVrC s
0
r.1¡Vr/
Em
Er
: (25)
Cracks in the composite will propagate when the failure
will occur both in reinforcement and matrix.124,125 Crack prop-
agation is a strong function of nature of the reinforcement/
matrix interface. Generally, large diameter reinforcements like
reinforcements lead to production of tougher composites.126
Cooper et al.126 suggested a linear relation between plastic
work contribution of the matrix (TM), to fracture surface
energy and the reinforcement diameter (d) for the case when
reinforcement/matrix interface is stronger.
Matrix toughness, TM, in this case is given by:
126
TMD 1¡Vrð Þ
2
Vr
s
0
Me
0
Mdr; (26)
where s
0
M is the matrix ultimate failure stress, e
0
M is the matrix
ultimate failure strain, and dr is the mean reinforcement
diameter.
When the reinforcement/matrix interface is weaker, frac-
ture toughness is governed by frictional relaxation and work
caused by reinforcement/matrix displacement during frac-
ture.123 Reinforcement toughness to pull out in this case T
pull-out is given by:118,126
Tpull¡ outD Vrdrs
2
r
24t
(27)
where t is the reinforcement/matrix interface shear strength
and sr is the reinforcement ultimate failure stress.
Interfacial shear strength t is given by:119
tD 2:5 sc; (28)
where sc is the compressive stress at which debonding occurs.
Fracture toughness of overall is given by:118,119
sfrD EcGc
pa
 1
2
(29)
where a is the crack length, Gc is the critical crack extension
force, and it is given by following equation:119
GcD pasfr
Ec
: (30)
The critical value of G which makes the crack to propagate
to fracture is termed as Gc; it represents the fracture toughness
of the composite.119 In other terms, the fracture toughness of
the composite can be determined by the experimental way to
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calculate critical stress intensity factors.118,119 Srinivasan119
suggested the equation to predict the fracture toughness of
the composite where critical stress intensity factor KIc is dif-
ferent for different specimens and fracture modes, which is
given by:
KIcD sfx pað Þ: (31)
7.5. Hardness
Hardness is a measure of resistance of any material to per-
manent deformation under the influence of external loading.127
In general, resistance to indentation or scratch is termed as
hardness. Theoretically with the help of rule of mixtures, it is
possible to determine the approximate hardness of the com-
posite which is given by:128
HcD nmHmC nrHr (32)
where Hc is the hardness of composite, Hm is the hardness of
matrix material, and Hr is the hardness of reinforcement
material.
7.6. Fatigue
Fatigue is the phenomenon of progressive and localized
structural deformation that occurs in the materials under the
influence of cyclic loading.129 Composites obey Paris Law,
which is represented by:119
da
dN
 
DA DKð Þp; (33)
where da
dN
is an increase in crack length per cycle, DK is the
stress intensity factor, P is he Paris Exponent, and A is mate-
rial constant.
Typical modulus ratio of reinforcement and matrix for
MMCs is given by Ef/Em D 10.119
7.6.1. Fatigue Crack Growth of MMCs
Xia et al.130 suggested that the low-cycle fatigue crack
growth rate da/dN is associated with an effective stress inten-
sity factor range, DKeff which is related to effective strain
energy release rate change, DJeff , under plane strain condi-
tions:
DKeff D
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EmDJeff
1¡ v2
 s
: (34)
8. PREDICTION OF YOUNG’S MODULUS, HARDNESS,
THERMAL CONDUCTIVITY, AND THERMAL
EXPANSION COEFFICIENTS OF CNT-REINFORCED
METAL MATRIX COMPOSITES
On the basis of governing equations stated above, an
attempt has been made to predict and evaluate the mechani-
cal and thermal properties of CNT-based titanium metal
matrix composites. Figures 10–13 show the results of 10
vol% CNT-metal composites. The metal matrices include
Ti, Al, Mg, Ni, Sn, and Zn. Efforts have been made to pre-
dict the mechanical and thermal properties of interest while
using several combinations of metal powder reinforced with
CNTs which are plotted in order to get an initial idea of the
predicted properties.
Figure 10 shows the trend of increase in Young’s modulus
of different CNT-based MMCs after addition of 10 vol%
CNTs. It is predicted that addition of 5 vol% CNTs in Ti pow-
ders would result in a 19% increase in Young’s modulus as
compared to Young’s modulus of unalloyed titanium.
Figure 11 shows the impact on hardness by incorporating
10 vol% CNTs in MMCs. There is no significant increase in
hardness predicted in CNT-based TMCs using the governing
FIG. 10. Effect of CNT volume fraction on the Young’s mod-
ulus of CNT-based MMCs.
FIG. 11. Effect of CNT volume fraction on the hardness of
CNT-based MMCs.
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equations. An increase in hardness reported by the researchers
is attributed to the formation of TiC during the process of
mechanical alloying using a planetary ball mill. It has been
observed that addition of CNTs in MMCs significantly
improve the thermal conductivity of the MMCs because of
their superior mechanical and thermal properties. Figure 12
shows the increase in thermal conductivity of different MMCs
with addition of 10 vol% CNTs. It is predicted that the thermal
conductivity of Ti-5 vol% CNTs increased to 174 W/m.K as
compared to 26 W/m.K of unreinforced titanium.
For high temperature applications the coefficient of thermal
expansion is an important parameter to consider. It is possible
to take advantage of lower coefficient of thermal expansion of
CNTs in development of CNTs-based MMCs. Figure 13
shows the reduction in coefficient of thermal expansion of dif-
ferent MMCs with addition of 10 vol% CNTs. It is predicted
that addition of 5 vol% CNTs in TMCs would lower the coeffi-
cient of thermal expansion up to 5.7% (7.92 £ 10¡6 1/K) as
compared to 8.4£ 10‑6 1/K for unalloyed titanium. Table 1
summarizes the predicted properties of titanium reinforced
with 5 vol% CNTs.
These initial predictions of mechanical and thermal proper-
ties of CNTs reinforced MMCs are based on governing equa-
tions which are mostly derived from rule of mixtures. It is
evident that an improvement in mechanical and thermal
properties is also governed by the process environment and
several other process parameters, e.g., process parameters of
mechanical alloying and consolidation. During the processing
of mechanical alloying there are several parameters which
govern the deformation of starting powders which then trans-
lated into the final properties of the composite, e.g., ball to
powder ratio, size of balls, radius of sample holder, use of pro-
cess control agent, milling time, milling speed (rpm), interval
between the milling duration, and chances of contamination
due to deformation of grinding media in the ball mill. As dis-
cussed earlier, many researchers attributed the increase in
hardness and few other mechanical properties to the formation
of titanium carbide because of the interfacial reactions during
high energy ball milling. It is therefore important to critically
observe the impact of these process variables on the final prop-
erties of the composite. In this context initial predictions are
helpful for comparing the predicted and achieved properties of
final composite.
9. CONCLUSIONS
 Carbon nanotube reinforced titanium metal matrix
composites have high potential to replace existing
unreinforced titanium alloys in automobiles,
FIG. 12. Effect of CNT volume fraction on the thermal con-
ductivity of CNT-based MMCs.
FIG. 13. Effect of CNT volume fraction on the coefficient of
thermal expansion of CNT-based MMCs.
TABLE 1
Predicted properties of 5 vol% CNTs-Ti composite and comparison with unreinforced titanium
Property Titanium (Ti)
Multiwall Carbon
nanotubes (MWCNTs)
MWCNTs
reinforced TMCs (5 vol% CNTs-Ti)
Young’s modulus, E (GPa) 120 1200 143
Hardness-Vickers, H (MPa) 970 1000 972
Thermal conductivity, k (W/m.K) 26 3000 175
Thermal expansion coefficient, a (10¡6 1/K) 8.40 2.70 7.92
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aerospace, and petrochemical industries. Because of
the better resistance to wear, corrosion, and reduced
coefficient of friction, these composites are novel
materials for a variety of engineering applications.
 Superior properties of CNTs may be affected because
of processes parameters and poor dispersion techni-
ques so it is therefore a potential area of research to
develop optimum dispersion techniques and pro-
cesses to get benefits from superior properties of
CNTs.
 Interfacial phenomenon affects the final properties of
the composites hence it is an open area of research so
far to develop a mechanism for a better understanding
the interface strengthening during mechanical alloy-
ing and its role in the final properties of the
composite.
 Formation of TiC during the process of mechanical
alloying depends upon the milling environment and
morphology and initial composition of starting pow-
der materials, it is therefore important to perform the
characterization of CNTs and Ti powders before sub-
jected them to mechanical milling. Also, formation of
TiC is attributed to self-propagating high temperature
synthesis (SHS) or gradual diffusion reaction during
mechanical alloying because of highly exothermic
reaction.
 So far, researchers have successfully developed a
few CNT-based TMCs on the laboratory scale
while using different dispersion and processing tech-
niques though development of these composites on
large commercial scale is still a potential area of
research.
 It can be beneficial to develop an algorithm to estab-
lish the processing strategy and process parameters
based on the application in order to achieve the
mechanical, thermal and other properties of interest.
 Development of CNT-based TMCs can be manufac-
tured using different consolidation techniques like
hot pressing, spark plasma sintering, hot extrusion,
etc. It is possible to develop composites from a vari-
ety of consolidation techniques and compare the
results for a better understanding in achievement of
required properties.
 It is possible to solve the dispersion and wettability
issues of CNTs using the coacervation and other wet
processes followed by different consolidation techni-
ques already mentioned in this article.
 It may be concluded that by choosing the appropriate
process techniques, understanding the role of process
variables, dispersion mechanisms, and interfacial
phenomena, it is possible to develop production tech-
niques for these CNT-based TMCs with magnificent
mechanical, thermal, electrical and other properties
of interest.
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Chapter Overview 
 
 
This chapter describes the techniques which have been used to characterise the starting 
powders, ball milled powder mixtures and consolidated CNTs reinforced TMCs. 
Fabrication routes which have been used to synthesise Ti-MWCNTs powder mixtures 
using different dispersion methods have been discussed. The advantages of using Raman 
spectroscopy technique for studying the evolution of CNTs during various composite 
processing stages have been highlighted. The consolidation techniques via powder 
metallurgy routes used in this study are discussed in conjunction with the 
characterisation of consolidated TMCs. The characterisation methodologies adopted for 
each batch of TMCs have also been discussed in detail in relevant chapters. Finally, 
techniques used to evaluate the mechanical and tribological properties of the fabricated 
TMCs have been described.  
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3.1 Introduction 
 
This chapter describes the characterisation techniques for starting powders, ball milled powder 
mixtures and consolidated TMCs. Methods used to prepare Ti-MWCNTs powder mixtures 
using different dispersion methods have been discussed. This chapter is divided into four key 
sections: Section 3.2 discussed the starting materials used in this study, Section 3.3 discusses 
the fabrication techniques used in the synthesis of CNTs reinforced TMCs, Section 3.4 
discusses the techniques used for the characterisation of starting powders, Ti-MWCNTs powder 
mixtures, and consolidated TMCs, and Section 3.5 discusses the evaluation of mechanical and 
tribological properties of the fabricated TMCs. 
3.2 Materials 
3.2.1 Carbon nanotubes  
Multi-walled carbon nanotubes (MWCNTs) (Sun Nanotech Inc., China) were used as the 
reinforcement material for the fabrication of the TMCs in this study. The MWCNTs were 
synthesised by chemical vapour deposition (CVD) method. Ultra lights CNTs (1.7-2.0 g/cm3) 
with large aspect ratios (100-100,000) possess significant character to be deployed as 
strengthening phase material in composites for load bearing applications in aerospace, 
automobile and biomedical industries. The characteristics of the as-received MWCNTs as per 
the supplier's specification are summarised in Table 3-1. In this study, as-received MWCNTs 
were used as a reinforcement material in fabricated TMCs. 
Table 3-1 Characteristics of as-received MWCNTs powder 
Outer diameter 
nm 
Inner diameter 
nm 
Length 
µm 
True density 
(g/cm3) 
Specific surface 
area (m2/g) 
Purity 
(%) 
10-35 3-10 1-10 2.00 ~250 >90 
3.2.2 Titanium powder  
Commercially pure titanium (CP-Ti) powder (Atlantic Equipment Engineers, USA) was used as 
the metal matrix in this study. The characteristics of the as- received CP-Ti powder as per the 
supplier's specification are summarised in Table 3-2. 
Table 3-2 Characteristics of as-received CP-Ti powder  
Powder Impurities content (mass. %) 
Density 
(g/cm3) 
Particle size 
µm 
CP-Ti 
O 
0.25 
C 
0.02 
Fe 
0.02 
Cl 
0.04 
N 
0.02 
Si 
0.01 
4.51 
 
~20.00 
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3.2.3 Stearic acid 
 
Stearic acid (SA, C18H36O2) with a purity > 99 %) (Sigma-Aldrich, Australia) was used as the 
process control agent in the high energy ball milling of Ti and MWCNTs powders. 
3.2.4 Ethanol  
 
Ethanol (C2H5OH) with purity ~ 99.8% (Sigma-Aldrich, Australia) was used as the dispersant 
solvent for the sonication of MWCNTs. 
3.3 Fabrication techniques used to synthesise CNTs reinforced TMCs 
 
MWCNTs reinforced TMCs were fabricated via powder metallurgy routes. Various processes 
were used to fabricate TMCs to study the effect of various processing parameters on the 
evolution of MWCNTs, resultant microstructures and mechanical properties. The production of 
composites used various techniques include: 
a) Preparation of Ti-MWCNTs powder mixtures via high energy ball milling (HEBM). 
b) Preparation of Ti-MWCNTs powder mixtures via solution ball milling (SBM).  
c) Cold compaction  
d) Pressure-less vacuum sintering. 
e) Spark plasma sintering (SPS) 
f) Hot extrusion. 
Figure 3.1 shows the illustration of various combination of processes used to fabricate TMCs.  
 
 
 
 
 
 
 
 
 
Figure 3.1 Various methods used for the fabrication of MWCNTs reinforced TMCs.                                                                                                                                                                                                           
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3.3.1 Synthesis of Ti-MWCNTs powder mixtures via HEBM 
 
A planetary ball mill (Retsch PM 400, Germany) was used for the HEBM to disperse 0.5-1.0 
wt. % MWCNTs into the titanium powder matrix. The starting Ti-MWCNTs powder mixtures 
were charged in stainless steel vials (500 ml, inner diameter (ID) =100 mm) with stainless steel 
balls of three different sizes (diameter (d) = 15, 10 and 7 mm). The powders were handled, and 
loaded into the vials in a glove box under a pure argon (Ar) atmosphere in order to avoid any 
environmental contaminations. The different sizes of the balls were used to avoid cold welding 
of powder particles and to increase the collision energy introduced into the powder particles. 
Stearic acid (SA, 0.5 wt. %) was added to the charged powders in order to promote fracturing 
over cold welding of the powder mixtures. The ball to powder ratio (BPR) was maintained at 
5:1 for all ball milling processes. HEBM was carried out under high purity argon (Ar, 99.99% 
purity) and at intervals of 30 min for 30 min of cooling, in order to prevent samples from being 
over heated. Figure 3.2 shows the planetary ball mill used in this study along with the schematic 
of the set-up showing the critical parameters of the ball mill. Preliminary tests were conducted 
to observe the dispersion behaviour of MWCNTs into the Ti matrix. This milling process 
facilitates the deformation, fracture and fragmentation of powders and eventually mechanical 
bonding of CNTs with titanium particles. The critical parameters of HEBM e.g., ball to powder 
ratio, size and material of balls, radius of sample holder; milling time, milling speed (rpm), and 
interval between the milling durations govern the deformation of clustered CNTs, Ti powders 
and dispersion of CNTs into the Ti matrix.  
Figure 3.2 Retsch PM 400 planetary ball mill, (b) Schematic diagram of planetary ball mill 
showing the rotation axes and critical parameters. 
The most critical parameters in the ball milling process are the milling time and milling speeds.  
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Therefore, in the first series of the tests, effect of milling time and milling speeds were studied 
on the evolution and dispersive behaviour of MWCNTs into the Ti matrix, HEBM was carried                                                                                                                                     
out for 4 hours at rotational speeds of 150 and 200 rpm. Milled samples were taken out in a 
glove box (to avoid sample contamination) under an Ar atmosphere at regular intervals (1 h) 
from the milling vials for characterisation. In the next series of ball milling processes, a HEBM 
of Ti-MWCNTs powder was performed with and without the addition of SA to study the role of 
SA as surfactants in the ball milling process. Samples of powder mixtures were taken out from 
the milling vials and kept in the glove box for further characterisation. The specific sample 
preparation methods of each batch of powder mixtures are discussed in detail in each relevant 
chapter. 
3.3.2 Synthesis of Ti-MWCNTs powder mixtures via SBM 
 
Following the analysis of milling parameters and dispersion analysis of MWCNTs into the Ti 
matrix using HEBM, the dispersion method was modified to enhance the dispersion and 
debundling of MWCNTs. In this Batch, solution ball milling (SBM) was used instead of dry 
HEBM. The Ti-MWCNTs powder mixtures with 0.5-1.0 wt. % MWCNTs were prepared in 
four steps. In the first step, as-received MWCNTs were dispersed in ethanol solvent by 
sonication using a water bath ultra-sonicator for 3 min. MWCNTs powder to dispersant solvent 
concentration was kept 1 mg/ml. The de-bundling and dispersion of MWCNTs is attained 
through the interactions of the shock waves, produced by the sonicator, with the CNTs clusters 
in a dispersant medium, e.g., ethanol. The dispersion and de-bundling of the CNTs during the 
sonication process are governed by the key sonication parameters including sonication time, 
sonication energy provided to the charged CNTs and interval between the sonication processes. 
Prolonged sonication times lead to damage in graphitic structure of CNTs. An optimum value 
of sonication energy provided to MWCNTs was calculated and also discussed in Chapter 5. In 
the second step, ball milling of Ti powder was carried out with 0.5 wt. % SA for 1 h at 150 rpm 
while keeping the other milling parameters the same as those in dry HEBM process in previous 
tests. As a third step, MWCNTs-Ti powder mixture was then prepared by ball milling of pre-
sonicated MWCNTs with the ball milled Ti powder for 1 h at 150 rpm. Finally, in the last step, 
solution ball milled (SBMed) Ti-MWCNTs powder mixture was dried overnight in a vacuum 
oven at 100 ºC to completely evaporate the ethanol solvent (Thermo Fisher-scientific, 
Australia). The Ti-MWCNTs powder mixtures were taken out in the glove box for further 
characterisation. Fig. 3.3 shows the schematic of SBM process adopted to prepare Ti-MWCNTs 
powder mixtures.  
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Figure 3.3 Schematically illustration of the key steps involved in the SBM of Ti-MWCNTs 
powder mixtures. 
 
3.3.3 Cold compaction 
 
Green compacts were prepared from the Ti-MWCNTs powder mixtures of all batches by using 
a uni-axial hydraulic press (Model: DPM 1070-100, Sahinler, Turkey) under a pressure of 40 
MPa for 10 min using a stainless steel (SS) die with a diameter of 16 mm. A thin film of boron-
nitride was applied inside the SS die for the lubrication purposes and soft ejection of the green 
compact after the cold compaction. For characterisation purposes, approximately 4-12 g of 
powder mixtures was used to prepare green compacts with thickness 2-10 mm, respectively. For 
comparison, as-received Ti powders were also compacted under the same compaction 
conditions. Fig.3.4 shows the hydraulic press used in this study and a green compact prepared 
from the powder mixtures of Ti-MWCNTs after cold compaction. 
 
 
 
 
 
 
 
 
Figure 3.4 Cold compaction set-up (a) DPM 1070-100 uni-axial hydruallic press used in this 
study; and (b) a green compact of Ti-MWCNTs powder mixtures after cold 
compaction. 
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3.3.4 Pressure-less vacuum sintering 
 
The green compacts were sintered in a high vacuum furnace (GERO GmbH, Germany) at 1100 
ºC for 2 h at a heating/cooling rate of 10 ºC/min. The pressure-less high vacuum (~10-5-10-7 bar) 
sintering was performed in a tube furnace using two-step heating. The first step was heating the 
green compacts up to 550 °C and kept for 2 h for degassing and removal of any surfactants left 
in the samples. The presence of solid surfactants in the samples may form pores and defects in 
the sintered samples as they change to gasses at elevated sintering temperatures. In the second 
step, the samples were heated up to 1100 °C and kept for 2 h, then furnace cooled to room 
temperature before further characterisation. 
3.3.5 Spark plasma sintering 
 
Sixty two grams of Ti-MWCNTs powder mixture (0.5-1.0 wt. % MWCNTs) from each batch 
was loaded into a cylindrical graphite die and then consolidated with SPS (model: KCE-FCT- 
HP D 25/4-SD, FCTSysteme GmbH). Thick graphite felt was applied in the die before loading 
the Ti-MWCNTs powder mixtures in order to provide a lubrication effect and avoid any heat 
losses due to radiation. Solid state sintering process via SPS was carried out in two steps: (i) In 
order to remove any residual surfactants (SA) from the powder mixtures, temperature for SPS 
was set to 450 ̊C with a constant heating rate of 50 ̊C /min and held for 15 min, and (ii) The SPS 
was carried out at different  temperatures of 800 ºC and 900 ºC for 5 min at a heating and 
cooling rates of 100 ºC/min at a pressure of 50 MPa under vacuum of 5 Pa. The sintered 
compact possessed a diameter of 28 mm and height of 22 mm. For comparison, as-received Ti 
powders were also sintered under the same SPS conditions. Fig. 3.5a shows a sintered compact 
prepared from the powder mixtures of Ti-MWCNTs after SPS. 
3.3.6 Hot extrusion 
 
Extruded bars from the sintered compacts from SPS were prepared in two steps: (i) The 
compacts of all Batches of Ti-MWCNTs powder mixtures containing 0.5 wt.% MWCNTs 
prepared via SPS were pre-heated by induction heating up to 1000 ̊C with a constant heating 
rate of 150 °C /min and held for 5 min, and (ii) In the final step, the hot extrusion was carried 
out immediately using hydraulic press machine with a load capacity of 2000 kN The extrusion 
ratio and ram speed were 9:1 and 5 mm/s, respectively. The induction heating and hot 
extrusions were performed in an argon atmosphere with the oxygen content less than 100 ppm 
to prevent oxidation. The extruded bars with an average dimensions of 120 (length) x 10 
(width) x 6 (thickness) mm were left to be cooled down to ambient temperature in argon 
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atmosphere. The induction heating and hot extrusions were also performed in an argon 
atmosphere with the oxygen content less than 100 ppm to prevent oxidation.  For comparison, 
as-sintered compacts prepared from as received Ti powders were also extruded under the same 
hot extrusion conditions. 
 
 
 
 
 
 
 
 
Figure 3.5 Samples before and after hot extrusion (a) Sintered compact prepared via SPS and 
(b) Extruded bar prepared from the sintered compacts. 
 
3.4 Characterisation techniques 
 
3.4.1 Characterisation of starting powders and powder mixtures  
 
The morphology of the starting powders, e.g., Ti and MWCNTs powders, and the ball milled 
powder mixtures after different dispersion methods, e.g., HEBM and SBM, were observed by 
using scanning electron microscopy (SEM, Zeiss SUPRA, 40VP, FEI Quanta 200 ESEM, FEI 
Nova NanoSEM) coupled with energy dispersive X-ray spectrometry (EDX). From the SEM 
images, the particle sizes of Ti powders after each dispersion processing was evaluated by 
measurement of their Feret’s diameter [1] in accordance with ISO 13322-1:2004 standard 
(specified for particle size analysis from image analysis) using ImageJ software (Wayne 
Rasband, National Institutes of Health, America). The particle size distributions were generated 
from the measurements of 100 Ti particles from 3 different samples (300 measurements) of 
each Batch of Ti-MWCNTs powder mixtures.  Histograms of the particle sizes were presented 
by their normal distribution of particle sizes using Origin lab software. The highest percentage 
of normal distribution of Ti particle sizes was represented by mean values. The dispersive 
behavior of MWCNTs in Ti matrix and sub-sequent structural defects in MWCNTs were 
observed by transmission electron microscopy (TEM, JEOL 1010). The nano-crystalline 
structural changes, phases, and interface between MWCNTs and Ti matrix were characterised 
by high resolution transmission electron microscopy (HR-TEM, JEOL 2100F). Selected area 
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electron diffraction patterns (SAED) and nano-beam diffraction patterns were generated by HR-
TEM (2100F) to characterise the different crystalline phases present in the powder mixtures. 
Crystallographic structure and phases of as-received starting powders and milled Ti- MWCNTs 
powder mixtures were characterised by using a X-ray diffractometer (XRD, Rigaku D/max-rB, 
BrukerAXS D4 Endeavor) with Cu-Kα (λ= 0.154 nm) at a scanning step size of 0.02 ̊ over the 
2Ɵ angular range of 20-90 ̊. Crystallite sizes of the titanium powders in as-received and ball 
milled powder mixtures were calculated by using Williamson-Hall equation [2]. Broadening of 
Ti peaks in XRD patterns after different HEBM processes was measured, taking into account 
the lattice strains induced in the powders during the milling process and reduction in crystallite 
sizes. Following equation was used for the calculation of crystallite sizes [2]: 
𝒃𝐜𝐨𝐬 Ɵ =  𝟎.𝟗  
𝒅
𝝀 + 𝟐 𝜺 𝐬𝐢𝐧Ɵ    (3.1) 
Where, b is the full width at half maximum (FWHM) of diffraction peak, Ɵ is the diffraction 
angle,  𝜆 is the wave length (nm) of radiation used in diffractometer, d is the crystallite size 
(nm) and Ɛ is the lattice strain induced in the powder mixtures. Lattice strain was measured 
from the slope of bcosϴ and sinϴ curve.  
Raman spectroscopy was used to study the evolution of MWCNTs during the dispersion 
processing by characterising their sp2 Carbon-Carbon (C-C) graphitic structure of as received 
MWCNTs and ball milled Ti-MWCNTs powder mixtures after various dispersion processing 
stages.  As-received powders and ball milled powder mixtures were characterised by using 
Raman spectroscopy (In-Via Raman microscope, Renishaw Plc) with a 514 nm laser (laser 
power = 5.63 mW). Raman scattering was obtained in the spectral range of 200-1800 cm-1 on 
multiple samples (n=5). Raman spectra from at least 5 different positions with 5 accumulations 
on each sample were obtained with an acquisition time of 50s for each spectrum. The band 
intensities, broadening and peak positions were obtained by de-convoluting the Raman spectra 
into two Gaussian peaks using Wire 4.1 software. The characteristic peak intensity ratio (ID/IG) 
in Raman spectra of MWCNTs was used to quantitatively study the evolution of MWCNTs 
during various dispersion processing stages [3, 4]. Same Raman spectroscopy approach was 
used to characterise MWCNTs in the green compacts prepared from the Ti-MWCNTs powder 
mixtures of each batch. The characterisation methodologies adopted for each batch of Ti-
MWCNTs powder mixtures have also been discussed in detail in relevant chapters. 
3.4.2 Characterisation of consolidated TMCs 
 
Disc samples with a diameter 10 mm and thickness 2 mm were cut by electrical discharge 
machining (EDM) from the consolidated TMCs prepared via pressure-less vacuum sintering, 
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spark plasma sintering and hot extrusions. The surfaces of disc samples were ground using 
series of grit silicon-carbide papers (400, 500, 800, 1200, and 2400) and a fine polishing with 9,  
3 and 1 µm, and diamond paste grits. Finally, samples were polished by 90 vol.% colloidal 
silica (OPS) and 10 vol.% H2O2 mixture suspensions. After the polishing, samples were 
ultrasonically cleaned in ethanol solvent for 5 min.  
Structural changes and crystalline phases in the sintered TMC composites were characterised 
using X-ray diffractometry (XRD) and Raman spectroscopy. The relative weight fractions of 
In-situ synthesised titanium carbide (TiC) in the sintered composites were determined semi-
quantitatively by deconvoluting the XRD peaks using the reference intensity ratio (RIR) 
method [5, 6].  The microstructures of the consolidated TMCs were examined using 
transmission electron microscopy (TEM, JEOL 1010, 2100F), scanning electron microscopy 
(SEM, FEI Quanta 200 ESEM, FEI Nova NanoSEM) coupled with energy dispersive X-ray 
spectrometry (EDX) and optical microscopy (Leica DM2500M). Elemental EDX maps were 
generated from multiple samples to study the dispersion of MWCNTs in the sintered TMCs. 
Image analysis using ImageJ software (Wayne Rasband, National Institutes of Health, and 
America) was performed on the optical micrographs of the sintered composites to calculate the 
particle sizes and area fractions of in-situ synthesised TiC particles. Density of the sintered 
TMCs was measured using Archimedes method according to the ASTM B962 standard [7]. The 
polished consolidated TMCs were etched by Kroll's reagent (2 ml hydrofluoric acid (HF), 4 ml 
nitric acid (HNO3) and 100 ml deionized water) for optical microscopy examination. The 
characterisation methodologies adopted for each batch of TMCs have also been discussed in 
detail in relevant chapters. 
3.5  Evaluation of mechanical and tribological properties 
 
3.5.1 Measurements of nano-hardness and elasticity 
 
Nano indentation studies are useful for the evaluation of the specific areas with various 
mechanical properties of particles reinforced composites [8]. The principle of nano indentation 
is to measure the penetration depth of an indenter tip into a well-polished and flat sample 
surface against the applied load [9].  The nano-mechanical properties of the fabricated TMCs 
such as hardness and elastic modulus were investigated using a Hysitron TI-950 TriboIndenter 
with a Berkovich diamond tip. Before indentation tests, the three-side pyramid Berkovich 
diamond tip was calibrated by making an H-shaped indentation patterns on a standard quartz 
sample. A load of 5000 µN was applied linearly up to the maximum load in 10 s with a dwell 
time of 10 s followed by unloading in 10 s. Three samples of each batch were tested and at least  
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nine indentations were performed in the form of 3x3 and 5x4 arrays on 3 different positions on 
each sintered composite. The indentations were separated by 20 µm in order to avoid any effect  
of residual stresses from the neighbouring indents. The indentation testing was carried out at 
room temperature and thermal drift was set to be less than 0.05 nm/s.  Oliver and Pharr method 
[10] was used to interpret the loading-unloading curves from the nanoindentation testing for the 
calculation of nano hardness, reduced elastic modulus and Young’s modulus. The following 
equations were used for the calculation of nano-mechanical properties. The contact depth (hc) is 
given by [10]: 
𝒉𝒄 =  𝒉𝒎𝒂𝒙 − ɛ 𝑷𝒎𝒂𝒙𝑺      (3.2) 
where, hmax is the maximum contact depth measured by indenter tip, ɛ is the material constant 
(0.75) depends upon the geometry of the Berkovich indenter tip peak, Pmax is the maximum 
applied load, and S is the slope of the unloading curve at maximum point before start of 
unloading. 
The projected contact area (A) under the maximum indentation load is given by: 
𝑨 =  𝟐𝟒.𝟓 𝒉𝒄𝟐  (3.3) 
The nano-hardness (H) of the composite can be calculated given by: 
 
         𝑯 =  𝑷𝒎𝒂𝒙
𝑨
            (3.4) 
 
The relationship of between the elastic modulus, indenter’s contact area and stiffness from the 
unloading curve is given by: 
 
                 𝑬𝒓 =  S √π 2√𝐴                        (3.5) 
where, Er is the reduced modulus. 
 
The elastic modulus (E) of the TMC is calculated given by: 
 
𝟏
𝑬𝒓
=  1 − 𝜗2
𝐸
−
1 − 𝜗𝑖
𝐸𝑖
                                                                   (3. 6) 
 
where, 𝜗 and E are the Poisson’s ratio and elastic modulus of the sintered composite which can 
be measured by the rule of mixture, 𝜗𝑖 and Ei are the Poisson’s ratio and elastic modulus of the 
indenter tip. For a diamond Berkovich indenter tip used in this study,  𝜗𝑖 and Ei are 0.07 and 
1141 GPa [10], respectively.  
3.5.2 Evaluation of compressive properties 
 
Cylindrical samples, 8 mm in diameter and 16 mm in length were machined using Electrical 
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discharge machining (EDM) for the compression tests. Top and bottom faces of the cylindrical  
samples were machined to obtain flat surfaces in order to avoid excessive shear forces or 
barrelling effects in the samples during the compression tests. The tests were carried out at 
room temperature with cross-head speed of 0.5 mm/min, using an MTS testing system (uni-
axial 250 kN MTS servo hydraulic testing machine) in accordance with the procedures listed in 
ASTM E9-09 standard [11]. Compressive yield strength (0.2%) and compressive strain at 
failure were evaluated from the typical stress-strain curves obtained from the compression tests 
of all sintered samples. Compression tests were carried out on at least 3 samples and average 
values obtained from the analysis were reported. Fracture surfaces of TMCs after compression 
tests were examined using scanning electron microscopy (SEM, FEI Nova NanoSEM). 
3.5.3 Evaluation of tensile properties 
 
Tensile samples with a gauge section of 15 mm (length) x 3 mm (width) x 1.5 mm (thickness) 
were cut from extruded bars using EDM. Before tensile tests, both surfaces of samples were 
ground with SiC papers up to 2400 grit. Tensile tests were carried out at room temperature with 
a cross-head speed of 0.5 mm/min using an Instron 5567 testing system. Strain measurements 
were taken with an advanced extensometer. The gauge length of the tensile samples was 
marked prior to the test to be detected by video extensometer. Yield strength (0.2 %), ultimate 
tensile strength, elastic modulus and elongation at rupture were measured from the typical 
stress-strain curves. For each batch of samples, 3 tensile tests were conducted and the average 
values were reported.  
3.5.4 Evaluation of tribological properties  
 
The tribological behaviour of sintered composites prepared via SPS was studied by nano-wear 
tests using Hysitron TriboIndenter instrument (TI-950). Nano-wear tests are useful to study the 
localized wear patterns of the specific areas. These tests were conducted in accordance with the 
methods described in previous studies of nano-wear tests of coatings, surfaces and composites 
[12, 13]. The nano wear test included two main steps. Firstly, the indenter scanned the sample 
under a certain force of 1000 μN to perform wear on the top surface. 10 x 10 μm2 area was 
scrapped by 5 sliding passes at peak force. Nano wear test were conducted on 3 different 
positions on at least 3 samples of same batch of a sintered composites. Finally, a post-scan was 
conducted on 20 x 20 μm2 to get an image of worn surface with a reduced force of 2 μN. Wear 
volume was calculated by multiplying the wear area by the wear scar height. The height 
difference between the worn and unworn surfaces was calculated by TriboView software. 
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Chapter Overview 
 
A study of the role of high energy ball milling (HEBM) conditions on the evolution and 
dispersion behaviour of CNTs into Ti matrix is important to develop a better 
understanding of the interfacial phenomenon between the CNTs and the surrounding Ti 
matrix. At present, HEBM is generally employed for dispersion of CNTs in metal 
matrices using empirically selected parameters. The aim of this chapter is to study how 
the selection of milling parameters, process control agent (PCA) and the milling 
environment can influence the sp2 C-C network in the CNTs and trigger the formation 
of interfacial product, i.e., titanium carbide (TiC). The results showed that harsh milling 
conditions during HEBM create structural disorders such as non-sp2 defects in the form 
of open edges and vacancies in C–C system of CNTs. In-situ formation of TiC during 
ball milling depends upon the milling parameters and may be controlled by setting the 
optimum parameters.  
These studies have been published in Advanced Engineering Materials. 
K.S. Munir., M.Qian., Y.Li., D.T.Oldfield., P. Kingshott., D.M.Zhu., and C. Wen. Quantitative Analyses 
of MWCNT-Ti Powder Mixtures using Raman Spectroscopy: The Influence of Milling Parameters on 
Nanostructural Evolution, Advanced Engineering Materials, 17 (11) 1660-1669, 2015. 
 
K.S. Munir., D.T.Oldfield., and C. Wen. Role of process control agent in the synthesis of multi-walled 
carbon nanotubes reinforced titanium metal matrix powder mixtures, Advanced Engineering Materials, 
18 (2) 294-303, 2016. 
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because of their unique mechanical and thermal properties. High energy ball milling (HEBM) via
powder metallurgy has emerged as an effective technique to disperse CNTs in metal powder matrices.
Despite the effectiveness in dispersion, HEBM under harsh milling conditions may damage the CNTs.
In this study, a planetary ball mill has been employed to disperse 0.5wt% multi-walled carbon
nanotubes (MWCNTs) into a titanium (Ti) powder matrix. The results indicated that harsh ball
milling conditions created non-sp2 defects in MWCNTs. In-situ formation of TiC depended upon the
milling parameters and milling environment.1. Introduction and thermal properties.[14] Whereas in metal matrixMulti-walled carbon nanotubes (MWCNTs) have emerged
as a promising reinforcement for metal matrix composites
because of their uniquemechanical and thermal properties.[1–3]
Much research has been carried out to utilize the excellent
properties of carbon nanotubes (CNTs) as reinforcement in
polymers[4–7] and metal matrices.[3,8–13] Compared to metal
matrix composites, CNTs have been extensively studied as a
reinforcement in polymer matrices because of the relatively
lower processing temperatures, less interfacial reactions
during processing, and inexpensive processing.[2] All these
factors advocate the potential of CNTs reinforced polymer
composites for a wide range of commercial applications.
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1660 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. Kcomposites, processing challenges, e.g., reinforcement dis-
persion, alignment, and high probability of interfacial
reactions with metal matrices, hinder the utilization of
MWCNTs as effective reinforcements in metal matrices.[2,14]
High energy ball milling (HEBM) is a widely used technique
to disperse CNTs in the metal matrices.[15–21] Despite the
effectiveness of the technique in dispersion, harsh ball
milling conditions may damage the MWCNTs and eventu-
ally make them lose their unique properties.[20,22] It is
therefore necessary to track the evolution of CNTs in metal
matrix during the composite fabrication to obtain optimized
processing parameters.
The matrix/reinforcement interface in metal matrix
composites plays an important role in deﬁning the overall
strengthening mechanism.[23] The strength of this interface is
reﬂected in the ﬁnal properties of the composite as it is
responsible in transferring the load from the matrix to the
reinforcement.[24,25] Especially if the intention is to develop
light weight composites with improved mechanical proper-
ties for structural applications, it becomes important to ensure
a strong matrix/reinforcement interface. Many researchers
have reported the formation of interfacial products (i.e.,
carbides) during various processing stages of MWCNTs
reinforced metal matrix composites.[3,9,15,26–28] In the case of
CNTs reinforced titanium metal matrix composites (TMCs),
signiﬁcant increases in the ﬁnal properties of their fabricated
composites have been reported, which is attributed to the
formation of titanium carbide (TiC) as an interfacial reaction
product during various processing stages.[3,29,30] WeakGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 70
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Rbonding of the MWCNTs with a titanium metal matrix may
initiate “ﬁber pull-out” phenomena,[31,32] in which the
reinforcement separates from the titanium matrix under
transverse loading conditions. The CNTs/Ti interface may be
damaged in the presence of harsh transverse and longitudinal
shear stresses.[23] The presence of loosely dispersed CNTs in
the titanium matrix may form a nanoporous structure at the
Ti/CNTs interface. On the other hand, the consumption of
CNTs into the formation of carbides is likely to incorporate a
relatively brittle reinforcement into metal matrices while
losing signiﬁcant properties of CNTs.
Final properties of the composite are linked with the
efﬁcient utilization of unique properties of MWCNTs for
which they were selected as reinforcement in the titanium
matrix.[33] It is therefore necessary to improve the wetting/
bonding of MWCNTs with the metal matrix as well as to
develop a strong interface between MWCNTs and the
titanium matrix.[34] Two theories exist as a justiﬁcation of
the formation of nanocrystalline TiC during the processing of
MWCNTs/Ti composites: 1) gradual diffusion reactions
during process of mechanical alloying (MA),[15,35] and 2) self
propagating high temperature synthesis (SHS).[16,36] There are
different possibilities which can be attributed to the formation
of nanocrystalline TiC in milled MWCNTs-Ti powders.
Structural defects existing at the side walls of MWCNTs
reﬂect vacancies in the C–C system and these imperfections
may favor the formation of nanocrystalline TiC. Harshmilling
conditions may damage MWCNTs[37,38] and introduce
vacancies and imperfections in the C–C system with broken
sp2 bonds which may lead to formation of weak sp3 C–C
amorphous phase which favors formation of carbides (i.e.,
TiC). In addition to damages in MWCNTs because of harsh
milling environment, the presence of any amorphous phase in
MWCNTs prior tomillingmay initiate the interfacial reactions
during the MA process.[27] MWCNTs have signiﬁcant
chemical stability because of the strong graphitic basal planes
composed of strong sp2 C–C bonds present in the outer shell
of the nanotubes.[39,40] High milling speeds, long milling
durations, and high ball-to-powder ratios adversely affect the
quality of MWCNTs and damage their outer shell by
introducing open ends. These open ends cause destruction
of the basal planes ofMWCNTs exposing the prismatic planes,
where favored growth of interfacial products (e.g., carbides)
can occur.
Aside from the defects in MWCNTs and their reaction
compatibility with Ti powder, process control agents (PCA)
also play an important role in the formation of TiC.[41] In
HEBM, PCA (e.g., stearic acid) is generally added in small
quantities (0.5–3wt %) with the charged powders to promote
fracturing over cold welding.[42–44] This lubrication by PCA is
beneﬁcial in terms of: 1) reduction of particle sizes of the
milled powder; and 2) favoring fracturing phenomenonwhile
prohibiting the charged powders to be cold welded with
milling containers and grinding balls.[44,45] On the other hand,
PCA affects the microstructure by introducing contamination
to charged powders, and this intrinsic problem hinders theADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 © 2015 WILEY-VCH Veaddition of PCA in large quantities.[46] Stearic acid is
composed of non-polar hydrophobic tail composed of a
hydrocarbon (C18) chain and a polar hydrophilic head group
composed of a carboxyl group(–COOH).[47] The relatively
high surface energy of metal powders (e.g., Ti) is lowered by
adsorption of the hydrophilic head group of stearic acid onto
the surface of powder particles.[46,48] High milling energy
(governed by high milling speeds, high BPRs, etc.) may
increase the diffusivity of charged powders and accelerate the
process of MA by introducing structural defects and fractured
surfaces.[42] PCA (i.e., stearic acid) is likely to decompose
under high milling energy into carbon, hydrogen, and
oxygen;[49,50] and presence of such elemental contamination
on the fractured surface of titanium powders may trigger the
formation of TiC.[41,46] The hydrophobic nature of MWCNTs
hinders the wettability with the metal matrices which may
result in a porosity and poor interfacial bonding with the
matrix. It has been reported that addition of PCA improves
the dispersion and wettability of CNTs with the matrix, as the
hydrophilic end of PCA attaches with the hydrophilic metal
powder surface and hydrophobic tail with hydrophobic
CNTs.[51]
Overall the interfacial phenomenon and its role in the ﬁnal
properties of the MWCNTs reinforced TMCs have not been
adequately studied as yet. It is therefore important to develop
a better understanding to fabricate metal matrix composites of
tailored properties of interest. In this study, MWCNTs-Ti
composite powder was synthesized by the HEBM. The
formation of TiC as an interfacial product was affected by
changing the milling speed. Overall changes in the morphol-
ogy, structure, and crystalline phases in the milled powder
samples were investigated.2. Materials and Experimental Methods
2.1. Starting Materials
MWCNTs powder (outer diameter (OD)¼ 10–35 nm, inner
diameter (ID)¼ 3–10 nm, length (L)¼ 1–10mm, purity >90%)
was purchased from Sun Nanotech Inc., China. Pure titanium
(Ti) powder (99.7wt% purity, 325mesh) was purchased
fromAEE, USA. Stearic acid (C18H36O2) with purity of 99.99%
was used as a PCA, (Sigma-Aldrich, Australia). Argon (Ar)
with purity of 99.99% gas was purchased from core gas,
Australia.
2.2. High Energy Ball Milling (HEBM)
MA process was carried out by using a Retsch 400M
Planetary ball mill on the starting powders under a dry Ar
atmosphere. The composite powder was prepared by MA
0.5wt% MWCNTs with the Ti powder. In addition, 0.5wt%
stearic acid was used to avoid cold welding of the milled
powders. Powders were charged in steel vials (500mL,
ID¼ 100mm)with a distribution of stainless steelmilling balls
of three different sizes (diameter (d)¼ 15, 10, and 7mm) while
keeping a ball to sample powder weight ratio (BPR) of
5:1. Milling balls of different diameters were used in orderrlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 1661 71
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over cold welding. An interval of 30min was placed
strategically to avoid sample heating after every 30min of
milling. Ball milling was carried out for 4 h at rotational
speeds of 150 and 200 rpm.Milled samples were taken out in a
glove box (to avoid sample contamination) under an Ar
atmosphere at regular intervals (1 h) from the milling vials for
characterization.
2.3. Characterization of Milled Powders
Charged and as-milled powder mixtures were analyzed
using scanning electron microscopy (SEM, Zeiss SUPRA
model 40VP-25-38) and transmission electron microscopy
(TEM, JEOL 2100F) to check the morphology and microstruc-
ture of the powder samples. As received and milled powder
samples were characterized using an X-ray diffractometer
(XRD, Rigaku D/max-rB) with Cu Ka (l¼ 0.154 nm) at a
scanning rate of 1°/min over the 2u angular range of 2090°.
Raman spectroscopy (RS, In-Via Raman microscope,
Renishaw Plc) was performed on the as-received and milled
powders with a 514 nm laser (laser power¼ 5.63mW) using
the numerical aperture of 20 lens. Laser spot size was 
1mm. Raman scattering was obtained on multiple milled
composite powder samples at ﬁve different positions with an
exposure time 50 s and spectra range of 200–1700 cm1. The
band intensities and peak positions were obtained by de-
convoluting the Raman spectra into twoGaussian peaks using
Wire 4.1 software.3. Results and Discussion
3.1. XRD Results
The XRD patterns for the milled powder mixtures display
only broadened peaks corresponding to a-Ti. Since the weight
fraction of MWCNTs in the powder mixture in this study is
very low (0.5wt %), XRD patterns did not reveal any peaks
corresponding to MWCNTs. Another reason could be the
signiﬁcant difference inmass absorption coefﬁcient (for Cu KaFig. 1. XRD patterns for the as-receivedMWCNTand Ti powders, and MWCNT-Ti powder
MWCNTs powder, (ii) as-received Ti powder, (iii) MWCNT-Ti milled for 1 h, (iv) MWCNT
1662 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Cradiations) of Ti and carbon (C) which are 208 and 4.6m2 g1,
respectively.[52] Figure 1a shows the XRD patterns for the as-
received MWCNT and Ti powders, and the MWCNT-Ti
powder mixtures ball milled at a rotational speed of 200 rpm
for various milling times ranging from 1h to 4 h.
From the XRD pattern the formation of new phase TiC was
not observed. The decrease in intensity of the Ti peaks after
milling may be attributable to the formation of nanocrystal-
line TiC, which is not evident from XRD patterns. Another
assumption is that MWCNTs adhered to the surface of Ti
particles during ball milling and this peak shortening can be
attributed to the absorption effects. Peak broadening is
attributed to a reduction in crystallite size (grain reﬁning) and
lattice strain induced during themilling process. Similar effect
was observed in the second set of experiment with altering the
milling speed. Figure 1b shows the XRD patterns of the as-
milled powder mixture samples at a rotational speed of
150 rpm after variousmilling durations. Crystallite sizes of the
ball milled powder mixtures can be calculated by using
Williamson–Hall equation,[53] which takes into account the
peak broadening effects due to internal strains induced in the
powder during ball milling and reduction in grain size, given
by
b cos u ¼ 0:9
d
lþ 2 e sin u ð1Þ
where b is the full width at half maximum (FWHM) of
diffraction peak, u is the diffraction angle, l is the wave length
(nm) of radiation used in diffractometer, and e is the strain
induced in the powder mixtures.
The crystallite size for milling at 200 rpm reduced from 43
to 16 nm,which is a 62%decrease.Whereasmilling at 150 rpm,
the crystallite size reduced to 36 nm or a 16% reduction. This
reduction in crystallite size may be attributed to the process of
MA. Because of the high thermal conductivity (>3000Wm1
K1)[54] and lower coefﬁcient of thermal expansion
(0.73 105 K1), [55] the presence of MWCNTs in the grain
boundaries of Ti gives a pinning effect and prohibits grainmixtures milled at rotational speeds of 200 and 150 rpm for different times: (i) as-received
-Ti milled for 2 h, (v) MWCNT-Ti milled for 3 h, (vi) MWCNT-Ti milled for 4 h.
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 11
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particles and thus shrinkage of Ti particles takes place. The
crystallite size is inversely proportional to the milling speed
but there is a cut-off where further increases in milling speed
do not reduce the crystallite size.[56,57]
3.2. Raman Spectra
RS can be used to generate a characteristic spectrum for any
material based on the vibrational modes of its molecules.[33,58]
The Raman spectra generated for the MWCNTs-Ti powder
mixtures milled at 200 rpm for different times are shown in
Figure 2. TheMWCNTs-Ti powdermixtures did not show any
peaks of Ti in the spectral range and is attributed to the fact
that Ti does not have active vibrational modes detectable by
RS.[59]
Samples milled at 200 rpm revealed peaks for unreacted
MWCNTs at 1343 and 1575 cm1 which correspond to D-band
and G-band in MWCNTs, respectively.[60–63] The D-band is
associated with the defect concentration or measure of
disorders in the C–C bonds within graphitic materials. The
G-band is associated with in-plane vibrations of C–C bonds
and is a measure of graphitization or degree of metallicity of
graphitic materials.[60,64] Also, the Raman spectra of samples
milled for 1 h revealed TiC peaks at 260, 418, and 605 cm1,
which is consistent with results reported by differentFig. 2. RS of MWCNTs-Ti powder mixtures ball milled at 200 rpm for: (a) 1 h, (b) 2 h, (
ADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 © 2015 WILEY-VCH Veresearchers.[65–68] Raman spectra were collected on multiple
milled samples at various positions to check the homogeneity
of the crystalline phases present in the sample. In case of
milling at 200 rpm, peaks corresponding to TiC were also
present in the milled powder with unreacted MWCNTs,
which is evident from the D-band and G-band peaks at 1343
and 1575 cm1, respectively. This TiC phase formation became
more homogenous as milling duration increased to 4 h.
Figure 3 shows the Raman spectra for theMWCNT-Ti powder
mixture samples milled at 150 rpm for different times.
The Raman spectra for the MWCNTs-Ti powder mixtures
milled at 150 rpm did not reveal any peaks corresponding to
TiC. It only showed peaks corresponding to the D-band and
G-band of MWCNTs at 1343 and 1575 cm1, respectively. It is
assumed that titanium particles were effectively coated with
stearic acid and it prevented their reactionwith CNTs. It is also
evident from the particle size distributions of milled powder
mixtures that fracturing dominated the cold welding process
in case of milling at 150 rpm. Apart from using SA as a
lubricant during the ball milling process, it has been reported
that the hydrophobic ﬁbrous structure of MWCNTs also
acts as a lubricant during HEBM.[69] The addition of SA
prohibits the direct contact of MWCNTs with the highly
reactive Ti powder and reduces the probability of interfacial
reactions. The higher thermal conductivity of MWCNTsc) 3 h, and (d) 4 h.
rlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 1663 73
Fig. 3. RS of MWCNT-Ti powder mixtures ball milled at 150 rpm for: (a) 1 h, (b) 2 h, (c) 3 h, and (d) 4 h.
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when dispersed in Ti particles which may be beneﬁcial in
prohibiting their grain growth.
The characteristic Raman peak intensity ratio ID/IG is a
useful qualitative and quantitative way of evaluating the
structural defects to graphitization or crystallinity ratio in
MWCNTs induced during milling.[71,72] Figure 4 shows the
intensity ratio (ID/IG) of as-received MWCNTs powder.
The ID/IG ratio was calculated from the D-band and G-
band peaks at different positions in the milled samples and
compared with the ID/IG ratio of as-received MWCNTs. In
case of milling at 200 rpm, the ID/IG ratio increased from 0.83
to 1.16 after milling for 1 h and further increased to 1.34 when
milling duration had reached 4 h. This trend suggests thatFig. 4. RS of as-received MWCNTs powder, showing D-band and G-band peaks.
1664 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Cthere is a 61% increase in the ID/IG ratio after 4 h of milling. In
the case of milling at 150 rpm, the ID/IG ratio increased from
0.83 to 1.27 after milling for 1 h and further increased to 1.72
when milling duration reached 4 h. This trend suggests that
there is overall a 107% increase in ID/IG ratio after 4 h of
milling. This situation arises two different scenarios: 1) for
milling at 200 rpm, formation of TiC takes place with a 61%
increase in ID/IG ratio, 2) for milling at 150 rpm, there is no
formation of interfacial products and the ID/IG ratio increased
by 107%. Figure 5 shows the effect of milling duration on the
ID/IG ratio of samples milled at 150 and 200 rpm for different
times.
It is assumed that the formation of an interfacial layer and
interfacial products of nanocrystalline TiC around MWCNTs
protects them from further disordering during extended
milling hours. Increases in D-band intensity in the powder
samples milled at 150 rpm may be attributable to defects
concentrated on the side walls and vacancies in MWCNTs
during extended milling duration.
3.3. SEM Morphologies
The morphology of the MWCNTs-Ti powder mixtures
milled at 200 rpm for different times is shown in Figure 6.
From these SEM images, the particle size distribution
measurements were generated using ImageJ software in
accordance with ISO 13322-1:2004 (speciﬁed for particle size
analysis from image analysis) standard. The Feret’so. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 74
Fig. 5. Effect of milling duration on the ID/IG ratio of MWCNTs.
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multiple samples for each milled sample. Particle size
distributions for samples milled at 200 rpm show that
fracturing of Ti powder particles dominated the cold welding
process for the ﬁrst 2 h of the milling. Figure 7a shows the
particle size distributions for MWCNT-Ti powder mixtures
milled at 200 rpm for different milling times.
The distribution is relatively homogenous and average size
of milled powders was lower than the average size of starting
powders. This preferential occurrence of fracturing over cold
welding may be attributed to the effective role of PCA (stearic
acid), which acted as a lubricant at earlier stages of milling.
For longer milling durations (i.e., 3 and 4 h), welding of
powder particles became dominant over fracturing and
heterogeneous particle size distributions were obtained with
some particles reaching 100mm.Fig. 6. SEM micrographs of MWCNT-Ti powder mixtures ball milled at 200 rpm for: (a) 1 h, (b) 2 h, (c) 3 h, an
ADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 © 2015 WILEY-VCH Verlag GmbH & Co. KGaThis welding phenomenon may be attrib-
uted to decomposition of stearic acid at
longer milling durations and at this stage
formation of TiC is relatively more homoge-
nous as suggested by Raman spectra of
milled samples. SEM images for samples
milled at 200 rpm show an interfacial layer,
which covers the short MWCNTs bundles.
The morphology of MWCNTs-Ti powder
mixturesmilled at 150 rpm for different times
is shown in Figure 8.
For milling at 150 rpm, relatively homoge-
nous particle size distributions were
obtained. The average particle size decreased
with an increased milling duration. There-fore, it is assumed that stearic acid in the powder mixtures
milled at relatively lower milling speed (i.e., 150 rpm) was
more effective as a lubricant and did not decompose and
hence did not contaminate the milled powders. Interfacial
layers around MWCNTs adhered to Ti particles were not
present in samples milled at 150 rpm. Raman spectra of milled
samples did not reveal any peaks for TiC. Figure 7b shows the
particle size distributions for MWCNT-Ti powder mixtures
milled at 150 rpm for different milling times.
3.4. TEM Observation
The TEM and HRTEM images of the pristine MWCNTs are
presented in Figure 9a–c. The individual walls of the
MWCNTs used in this study are shown in Figure 9c. Selected
area diffraction pattern of the MWCNTs is inserted in the
HRTEM image (Figure 9c). Large agglomerates of MWCNTsd (d) 4 h.
A, Weinheim http://www.aem-journal.com 1665 75
Fig. 7. Particle size distributions of MWCNT-Ti powder mixtures ball milled for differing milling times: (a) 200 rpm and (b) 150 rpm.
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The MWCNTs in present study were produced via chemical
vapor deposition (CVD) process, which incorporated few
structural defects in individual MWCNTs. The TEM and
HRTEM images of the powder mixtures ball milled at
different rotational speeds are shown in Figure 9d–i.
Structural changes of the MWCNTs are evident by the
additional diffraction patterns, showing a TiC phase in the ball
milled powder mixtures (Figure 9h, i). Well dispersed
MWCNTs in the Ti matrix were observed in the powder
mixtures ball milled at the rotational speed of 150 rpm
(Figure 9f). TiC phase was not detected in the powder mixture
which is in agreement with Raman analysis (Figure 3d).Fig. 8. SEM micrographs of MWCNT-Ti powder mixtures ball milled at 150 rpm for: (a
1666 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & CDespite an efﬁcient dispersion technique HEBM incorporated
structural defects in MWCNTs as shown in Figure 9e which
are in agreement with the Raman analysis (Figure 3d). These
structural defects in MWCNTs may emergemainly because of
the energy absorbed by them during the milling process via
milling balls and the friction among MWCNTs and neighbor-
ing Ti particles. Figure 9g–i shows the TEM and HRTEM
images of the Ti-MWCNTs powder mixture ball milled at
200 rpm for 4 h. Structural changes of the MWCNTs are
evident by the additional diffraction patterns, showing a TiC
phase in the ball milled powder mixtures (Figure 9h, i), which
is in agreement with the Raman analysis (Figure 2d). The
HRTEM image revealed that in situ TiC formed and exhibited) 1 h, (b) 2 h, (c) 3 h, and (d) 4 h.
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Fig. 9. TEM micrographs of as-received MWCNTs and powder mixtures ball milled at different rotational speeds for 4 h: (a) agglomerate of as received MWCNTs, (b) tubular
structure of an individual MWCNT, (c) HRTEM image showing the individual walls of a MWCNT, (d,e) Ti-MWCNT powder mixture ball milled at 150 rpm for 4 h, (e) Deformed
MWCNT in the ball milled powder mixture, (f) MWCNTs embedded in the Ti matrix, inset showing the corresponding diffraction pattern of MWCNT, (g) Ti-MWCNT powder
mixture ball milled at 200 rpm for 4 h showing the TiC particles embedded in Ti matrix, (h) formation of TiC nanorods in Ti matrix, inset showing the corresponding diffraction
pattern of TiC nanorods, and (i) HRTEM image clearly showing the lattice fringes ofMWCNTand TiC (arrows indicating broken side walls and vacancies inMWCNT) with an inset
showing the corresponding diffraction pattern of TiC phase.
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This particular tubular morphology and uniform distribution
of TiC in the Ti matrix may be helpful in transferring the load
from the matrix to reinforcement when subjected to loading.
Lattice fringes of MWCNTs and additional TiC phase are
observed in the powder mixture by HRTEM (Figure 9i).
The TEM observation complementally conﬁrmed the
structural changes in the MWCNTs with the Raman analysis
of the powder mixtures during ball milling. HRTEM image
revealed the uniform distribution of in situ TiC phase in theADVANCED ENGINEERING MATERIALS 2015, 17, No. 11 © 2015 WILEY-VCH Velocality of broken side walls and vacancies in MWCNT as
shown in Figure 9i.
Non-sp2 carbon defects evolve in the MWCNTs during
HEBM. These defects may become the potential sites for the
formation of interfacial products e.g., TiC. These defects may
be present in the form of open edges and vacancies in the C–C
network of MWCNTs. Figure 10a shows a schematic of
evolution of structural disorders in MWCNTs in the form of
open edges during ball milling process and resulting in the
formation of TiC. Generation of vacancies is another type ofrlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 1667 77
Fig. 10. Schematic diagram and HR-TEM image illustrating the evolution of MWCNTs during the ball milling: (a) schematic diagram, (b) HRTEM image showing the MWCNT
and TIC lattice fringes with an inset showing the corresponding diffraction pattern (black arrows indicate the defect zone in MWCNTs and resulting formation of TiC phase).
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during HEBM may generate these vacancies in the C–C
network.
Figure 10b shows the HRTEM image in which lattice
fringes of MWCNT and TiC phase are apparently visible.
HRTEM image (Figure10b) shows the structural disorders in
MWCNTs in the form of vacancies during ball milling process
and resulting in the formation of TiC. MWCNTs with such
vacancies in C–C systems may become extremely reactive.
This may lead to the formation of TiC during the process of
HEBM.4. Conclusions
We have demonstrated that HEBM is an effective technique
to disperse MWCNTs in titanium matrix. Harsh ball milling
conditions create structural disorders such as non-sp2 defects
in the form of open edges and vacancies in C–C system of
MWCNTs. Damaged links, open edges along the side walls
and vacancies present in C–C system in MWCNTs are the
potential sites for the formation of interfacial products (e.g.,
carbides) in subsequent consolidation stages. In situ forma-
tion of TiC during ball milling depends upon the milling
parameters and milling environment and thus may be
controlled by setting the optimum parameters. Harsh milling
conditions decompose PCA (i.e., polar/hydrophilic head
group and non-polar/hydrophobic tail of stearic acid) and
introduce atomic level contaminations to milled powders.
Such atomic level contamination may facilitate the in situ
formation of TiC during the ball milling process. RS is an
effective tool for quantitatively determining the evolution of
MWCNTs during the different processing stages of the metal
matrix composites. It also possesses the capacity to determine
any in situ interfacial reactions during composite fabrication.
Qualitative and quantitative analyses of MWCNTs during
different processing stages enable us to predict the properties
achieved from the rule ofmixtures to ﬁnal properties achieved
from the mechanical testing. Such comparison beneﬁts the1668 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Cdevelopment of the relationships between processing param-
eters and mechanical properties of the composites.
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Multi-Walled Carbon Nanotubes Reinforced Titanium
Metal Matrix Powder Mixtures**By Khurram S. Munir, Daniel T. Oldfield and Cuie Wen*The present study investigates the inﬂuence of process control agent (PCA), i.e., stearic acid (SA) on
the dispersion of multi-walled carbon nanotubes (MWCNT) into the titanium (Ti) matrix during
mechanical alloying. A planetary ball mill was used in dispersing 0.5wt.% MWCNT into the Ti
matrix. The powder mixtures were prepared in two batches: without and with the addition of 0.5wt.%
SA. Green compacts of high energy ball milled powder mixtures were consolidated by using a uniaxial
hydraulic press. Raman spectroscopy combined with X-ray diffraction (XRD) and transmission
electron microscopy (TEM) techniques were used to characterize the powder mixtures and green
compacts. The evolution of MWCNT has been discussed in conjunction with the formation of nano
crystalline TiC in the ball milled powder mixtures.1. Introduction energy ball milling (HEBM) via powder metallurgy is mostMulti-walled carbon nanotubes (MWCNT) exhibit unique
mechanical and thermal properties because they are entirely
composed of sp2 carbon–carbon (C–C) bonds.[1,2] Presence of
these sp2 C–C bonds in the outer shell of carbon nanotubes
(CNT) gives them signiﬁcant chemical stability as these bonds
are the strongest chemical bonds in nature.[2,3] These superior
mechanical and thermal properties of MWCNTmake them an
ideal reinforcement in metal matrices, e.g., titanium (Ti) and
aluminum (Al).[4] In metal matrix composites (MMC), matrix
materials provide the ductility and reinforcement material
provides the stiffness.[5] The extraordinary mechanical and
thermal properties of MWCNT advocate their use as an
excellent reinforcement material for MMC. One of the main
challenges is to homogenously disperse theseMWCNTinto the
metal matrix while retaining their sp2 carbon network. High[*] Prof. C. Wen, K. S. Munir, D. T. Oldﬁeld
School of Aerospace, Mechanical and Manufacturing Engi-
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MWCNT in MMC. This process is also known as mechanical
alloying (MA). Fracturingandcoldweldingofpowderparticles
occur during the process of MA. To promote fracturing over
cold welding, small quantities of process control agents (PCA)
are generally added with the charged powders in the milling
vials. Processing challenges, e.g., uniform dispersion of
MWCNTinMMCand interfacial reactionswithmetalmatrices
have been reported in previous studies.[6,7] In order to solve the
dispersion problems, HEBM, also known as mechanical
alloying (MA), has been emerged as an effective technique to
disperse MWCNT in the metal matrices[8,9] but it has been
reported that harsh ball milling conditions evolve structural
disorders in carbon nanotubes (CNT).[10] These structural
defects may generate non-sp2disorders in C–C network of
MWCNT which makes them lose their unique properties.
Formation of non-sp2 disorders takes place in MWCNT as
strong sp2 bonds breakdown in MWCNT by generating
vacancies and open edges in MWCNT because of the harsh
milling.[11,12] MWCNT lose their structural integrity with the
formation of highly reactive sp3 C–C amorphous phase, such
sp3 defects are capable of triggering the interfacial reactions on
themetal-reinforcement interfaceduringMA, thus favoring the
formation of carbides.[13]
Matrix-reinforcement interfaceplaysan important role in the
strengtheningmechanism of MWCNTreinforcedmetal matrix
composites (MMC),[14] as thematrixmaterial transfers the load
to the reinforcement during the loading conditions.[15] In that
capacity, interfacial reactions at MWCNT—metal matrixGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 80
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MWCNT reinforced metal matrix composites (MMC).[13,16] It
is thus vital to retain the efﬁcient load carrying capabilities of
MWCNT during the composite processing, which are attribut-
ed to its unique sp2 carbon based structure.
Process control agents (PCA), e.g., stearic acid (SA),[17,18]
ethylene bis stearamide (EBS),[19,20] and ethanol[21,22] are
generally added with the charged powder during mechanical
alloying (MA) to promote fracturing of particles over cold
welding.[23,24] These surfactants are generally added in small
quantities (0.5–3wt.%) to minimize contamination in charged
powders. It has been reported that PCA contributes to
formation of carbides, i.e., titanium carbide (TiC), in the
mechanical alloying of titanium based alloys.[25] Stearic acid is
the most commonly used PCA in the mechanical alloying
which is composed of non-polar hydrophobic tail with a polar
head group containing carboxylic group (–COOH).[17] Once
added with the charged metal powders, e.g., Ti, the
hydrophilic head group reduces the surface free energy of
metal powders by adhering on the particle surfaces.[26,27] The
hydrophobic tail hinders the cold welding of the powder
particles by covering the powder particles and thus increases
the diffusivity of charged powders by introducing fractured
surfaces. The diffusivity of charged powders increases with
the milling energy which is governed by the milling speed,
ball to powder ratio (BPR) and milling time.[23] It has been
reported that the cold welding of powder particles becomes
dominant over fracturing once the PCAs decompose into their
elemental constituents, i.e., decomposition of stearic acid into
its elemental constituents carbon, hydrogen and oxygen.[25,26]
Presence of such elemental contaminations on the powder
particles with lower surface free energy may trigger the
formation of carbides, e.g., TiC.
Overall, the role of stearic acid as a process control agent in
the synthesis of MWCNTreinforced TMCs composites has not
been adequately studied. In this study, MWCNT-Ti composite
powders were synthesized by using HEBM with and without
the addition of SA, followed by consolidation using cold
pressing. The quantitative evolution of MWCNT during the
stages of ball milling and consolidating, and their dispersion
mechanism in the Ti matrix has been studied. The overall
changes in the morphology, dispersion mechanism, and
crystalline phases in the milled powder mixtures were
investigated.2. Experimental
2.1. Starting Materials
MWCNT powders (outer diameter (OD)¼ 10–35 nm,
inner diameter (ID)¼ 3–10 nm, Length (L)¼ 1–10mm, purity
>90%) were used as a reinforcement in this study (Sun
Nanotech Inc., China). Pure titanium (Ti) powder (99.7%
purity, 325mesh) was used as the metal matrix (Atlantic
Equipment Engineers, USA). Stearic acid (C18H36O2) with
purity of 99.99% was used as the process control agent
(Sigma–Aldrich, Australia).ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 © 2015 WILEY-VCH Ve2.2. High Energy Ball Milling (HEBM)
A planetary ball mill was used for the HEBM to disperse
0.5wt.% MWCNT into the titanium matrix (Retsch PM 400,
Germany). Ball milling of starting powders was carried out
under dry argon (Ar, 99.99% purity) atmosphere. Starting
powders were charged in steel vials (500ml, inner diameter
(ID)¼ 100mm) with stainless steel balls of three different sizes
(diameter (d)¼ 15, 10, and 7mm). The different sizes of the balls
were used to protect cold welding of powder particles and to
improve the collision energy induced to the powder par-
ticles.[24,28] Ball to powder ratio (BPR)wasmaintained at 5:1. To
establish a balance between cold welding and fracturing of
powder particles, 0.5wt.% stearic acid was added with the
starting powders. In order to study the effect of stearic acid,
another batch of MWCNT-Ti powder mixtures was prepared
without using the stearic acid while keeping the other milling
parameters the same. Milling was carried out in intervals of
30min for every 30min of milling, in order to protect the
samples from heating. Charged powders were milled for 4 h at
rotational speeds of 150 and 200 rpm. Milled samples were
collected in a glove box under an Ar atmosphere.
2.3. Consolidation of Powder Mixtures
The MWCNT-Ti powder mixtures after HEBM were
consolidated by using uniaxial hydraulic press under
pressure of 40MPa for 10min. Samples (4 g powder mixture)
were consolidated into green compacts using a steel die with a
diameter of 16mm.
2.4. Characterization of Milled Powders and Green Compacts
Morphology and microstructure of the powder mixtures
before and after HEBM were analyzed using transmission
electron microscopy (TEM, JEOL 1010 & 2100F) and scanning
electron microscopy (SEM, Zeiss SUPRA model 40VP-25-38)
coupled with energy dispersive X-ray spectrometry (EDX). X-
ray diffractometer (XRD, Rigaku D/max-rB) was used to
identify the structural changes in the powder mixtures after
milling using Cu–Ka (l¼ 0.154 nm) at a scanning rate of 1
min1 over the angular range of 2090. The powder
mixtures before and after HEBM, and the green compacts
were characterized by using Raman spectroscopy (In-Via
Raman microscope, Renishaw Plc) with a 514 nm laser (laser
power¼ 5.63mW). Raman scattering was obtained in the
spectral range of 200–1700 cm1 on multiple powder mixture
samples and green compacts at 5 different positions with an
acquisition time of 50 s. The band intensities and peak
positions were obtained by de-convoluting the Raman spectra
into two Gaussian peaks using Wire 4.1 software.3. Results and Discussion
3.1. XRD Analysis of Powder Mixtures before and after
HEBM
The XRD patterns of the powder mixtures before and after
HEBM for 4 h are shown in Figure 1. The XRD patterns of therlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 295 81
Fig. 1. XRD patterns of the MWCNT-Ti powder mixtures: (a) as-received MWCNT
powder, (b) as-received Ti powder, (c) ball milled for 4 h at 200 rpm with PCA, (d) ball
milled for 4 h at 150 rpm with PCA, (e) ball milled for 4 h at 200 rpm without PCA, (f)
ball milled for 4 h at 150 rpm without PCA.
Fig. 2. Raman spectra of as received MWCNT and titanium powders.
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and less intense peaks corresponding to a-Ti. This is mainly
because of the limitation of the XRD technique, as volume
fraction of MWCNT in the powder mixtures in this study is
low (0.5wt.%). It is also reported that carbon (C) is difﬁcult to
detect in the presence of titanium using XRD.[29] This is
because of the signiﬁcant difference in mass absorption
coefﬁcients (for Cu Ka radiations) of Ti and carbon (C) which
are 208 and 4.6m2 g1, respectively.[29,30]3.2. Raman Spectroscopy of MWCNT-Ti Powder Mixtures
before and after HEBM, and the Consolidated Green
Compacts
Raman spectroscopy (RS) is a non-destructive technique
based on the inelastic scattering of the incident monochro-
matic light. It can be used to generate a characteristic spectrum
for any material based on the vibrational modes of its
molecules.[4,31] It is a widely used technique in the
characterization of sp2 carbons based composites.[32,33] The
Raman spectra generated for the as-received MWCNT and
titanium powders are shown in Figure 2.
Two main graphitic peaks at 1 343 and 1 575 cm1 are
observed in the Raman spectra of the as-received MWCNT
powder, which correspond to D band and G band,
respectively.[34,35]. The D band in MWCNT corresponds to
the defects concentration and is associated with the disorders
in C–C bonds which can be termed as non-sp2 structural
defects in graphitic materials.[34] The G band in MWCNT
corresponds to the in-plane stretching mode of C–C bonds
and can be termed as the degree of metallicity or crystallinity
in graphitic materials.[36] Raman spectra of MWCNTs
revealed a weak shoulder (D́ band) of characteristic G band
at 1 608 cm1 which is attributed to a ﬁrst order double
resonance of the defect and disorder induced characteristic D296 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Coband. In general this weak shoulder of G band is associated
with circumferential atomic displacements in MWCNTs.[36,37]
Raman spectra of Ti powder does not reveal any peaks,
because titanium like most of the metals does not have Raman
active vibrational modes.[38] Since G band corresponds to the
degree of crystallinity or pristine arrangement of carbon
atoms in graphite network in MWCNT, any broadening in the
Raman peak is an indicator of disorders induced or loss of
crystallinity.[39] For this purpose it is worth noting the full-
width at half-maximum (FWHM) of the G band of starting
MWCNT powders which can be later used to monitor the
evolution of the MWCNT during the different processing
stages of the titanium metal matrix composites (TMCs). The
FWHMof theG band of the as-receivedMWCNTpowderwas
48.03 cm1. An upshifting of the G band to higher wave-
numbers is an indicator of stresses induced to the MWCNT
during the composite processing.[10] The intensity ratio of the
Raman peaks (ID/IG) is reported to be an effective qualitative
and quantitative technique to monitor the evolution of
MWCNT during the various processing stages of carbon
nanotubes reinforced composites.[40] The ID/IG ratio (non-
sp2/sp2 ratio or sp3/sp2 ratio) corresponds to the structural
defects to graphitization or degree of crystallinity in MWCNT
induced during the ball milling.[41] ID/IG ratio of as-received
MWCNT powder was 0.800, which indicates the dominance
of sp2 C–C bonds over non-sp2 disorders.
The Raman spectra of the powder mixtures after HEBM for
4 h with and without the addition of PCA at rotational speeds
of 200 and 150 rpm are shown in Figure 3. The Raman
spectrum of powder mixture samples ball milled at 200 rpm
with PCA revealed peaks associated with unreactedMWCNT
at 1 343 and 1 583 cm1 which correspond to the D band and G
band, respectively. There were some additional Raman peaks
observed at 260, 418, and 605 cm1 which correspond to
titanium carbides (TiC). This is in agreement with the results
reported in previous studies.[42–46] Raman spectra were
collected from multiple powder mixture samples at various
positions to check the homogeneity of the crystalline phases
presented in the sample. The ID/IG ratio of MWCNT in the
powder mixture samples was increased from 0.800 to 1.347,
indicating an increase of 68%, which may be attributed to
structural defects and non-sp2 disorders in C–C bonds
induced during HEBM process. A peak broadening of the. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 82
Fig. 3. Raman spectra of MWCNT-Ti powder mixtures after HEBM for 4 h at different rotational speeds: (a) 200 rpm with PCA, (b) 200 rpm without PCA (c) 150 rpm with PCA,
and (d) 150 rpm without PCA.
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the FWHM of the G band was 66.07 cm1, indicating an
increase of 38%. Also the G band shifted to a higher
wavenumber of 1 583 cm1, which may be attributed to the
stresses induced into the MWCNT during the HEBM.[10] In
case of milling at 200 rpm without PCA, TiC Raman peaks
were presented in the powder mixtures with unreacted
MWCNT, which are evident from the D band and G band
peaks at 1 343 and 1 587 cm1, respectively. The ID/IG ratio for
powder mixtures milled at 200 rpm without PCA reached to
1.259, indicating an increase of 57%, which was 11% lower
than that of the powder mixtures ball milled with the addition
of PCA. The G band slightly shifted to a higher wavenumber
1 587 cm1 and peak broadening was measured 69.01 cm1,
which indicates an increase of 44% and is 6% higher than that
of the powder mixture samples ball milled with the addition
of PCA. This quantitative characterization of the evolution of
theMWCNT during the composite processing stages could be
beneﬁcial in developing a relationship between the process
parameters and ﬁnal mechanical properties of the composite.
In case of milling at 150 rpm for 4 h with PCA, Raman
spectra of powder mixture samples revealed peaks associated
with the unreacted MWCNT at 1 345 and 1 580 cm1, which
correspond to the D band and G band, respectively. TiC
Raman peaks were not present for the powder mixture
samples. It is assumed that PCA did not decompose atADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 © 2015 WILEY-VCH Vereduced rotational speed and effectively coated the titanium
particles thus prohibited the carbide formation at the interface
of titanium and MWCNT. The ID/IG ratio of the MWCNT, in
the powdermixture samples milled at 150 rpmwith PCA, was
increased from 0.800 to 1.727, indicating an increase of 115%
non-sp2 defects in C–C bonds. Also the G band was shifted to
a higher wavenumber of 1 580 cm1 and the peak broadening
was measured 53.71 cm1, which indicates an increase of 12%
than that of FWHM of the as-receivedMWCNT powders. The
FWHM of the G band is 26% lower than that of powder
mixture samples ball milled at 200 rpm with PCA. However,
the Raman spectra of powder mixture samples after HEBM at
150 rpm without PCA revealed additional TiC Raman peaks.
The ID/IG ratio of powder mixture samples reached to 1.100,
indicating an increase of 38%, which was 77% lower than that
of the powder mixtures ball milled with the addition of PCA.
The G band was slightly shifted to a higher wavenumber of
1 582 cm1 and the FWHM of the G band was measured
56.71 cm1, which indicates an increase of 18% than that of as-
received MWCNT and is 6% higher than that of the powder
mixture samples ball milled with the addition of PCA.
Green compacts were prepared from the powder mixture
samples after HEBM and were characterized by using Raman
spectroscopy to observe the evolution of MWCNT during the
consolidation stage. The Raman spectra of the green compacts
are shown in Figure 4. The green compacts prepared from therlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 297 83
Fig. 4. Raman spectra of the green compacts consolidated from powder mixtures after HEBM at different rotational speeds: (a) 200 rpm with PCA, (b) 200 rpm without PCA, (c)
150 rpm with PCA, (d) 150 rpm without PCA.
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addition of PCA revealed the Raman peaks associated with
unreactedMWCNTat 1 346 and 1 586 cm1, which correspond
to the D band and G band, respectively. The G band slightly
shifted to a higher wavenumber of 1 586 cm1, which may be
attributed to the stresses induced in the MWCNT because of
compressive loading during the consolidation stage. The ID/
IG ratio of MWCNT in the green compacts reached to 1.450,
indicating an increase of 81% and is 7% higher than that of
powder mixtures after HEBM. The FWHM of the G band was
measured 70.86 cm1, which indicates an increase of 48% and
is 7% higher than that of powdermixture samples after HEBM
at 200 rpm with PCA.
In case of green compacts prepared from the powder
mixtures after HEBM at 200 rpm without PCA, the ID/IG ratio
reached to 1.368, indicating an increase of 71% non-sp2 defects
which is 8% higher than that of powder mixtures after HEBM
and is 5% lower than that of the green compacts prepared
from powder mixtures after HEBMwith addition of PCA. The
G band was slightly shifted to a higher wavenumber of
1 588 cm1 and FWHM of the G band was measured
70.16 cm1, which indicates an increase of 46% than that of
as-received MWCNT powder samples. In case of the green
compacts prepared from the powder mixture after HEBM at
150 rpmwith the addition of PCA, the Raman spectra revealed
peaks associated with the unreacted MWCNT at 1 348 and
1 588 cm1 which correspond to the D band and G band,
respectively. The G band shifted to higher wavenumber of298 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Co1 588 cm1 and the ID/IG ratio of MWCNT in the green
compact reached to 1.700, which indicates an increase of 112%
than that of as received MWCNT powder samples. The
FWHM (G band) was measured 62.26 cm1, which indicates
an increase of 30% and is 16% higher than the powder mixture
samples after HEBM. The ID/IG ratio of the MWCNT in the
green compacts, which were prepared from the powder
mixture samples after HEBM without the addition of PCA,
was reached to 1.245, which indicates an increase of 56% and
is 26% lower than that of the green compacts prepared from
powder mixture samples after HEBM with the addition of
PCA. The G band was slightly shifted to a higher wave-
number of 1 584 cm1. The FWHM (G band) was measured
58.07 cm1, which indicates an increase of 21% than that of as
received MWCNT powder samples. Figure 5 shows the effect
of PCA on the intensity ratio (ID/IG) of MWCNTafter various
composite processing stages, i.e., HEBM and cold compaction
process.
The powder mixtures after HEBM with the addition of
PCA have shown signiﬁcant increase in ID/IG ratio and
FWHM (G band) of the MWCNT. Figure 6 shows the effect of
PCA on the FWHM (G band) of MWCNT during the HEBM
and cold compaction stages. It is observed that the
characteristic ID/IG ratio of MWCNT signiﬁcantly increased
with the fracturing of titanium particles. It was also observed
that PCA’s role in the dispersion of MWCNT and the
formation of the secondary phase of TiC varied with the
rotational speed during the HEBM process.. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 84
Fig. 5. Effect of PCA on the ID/IG ratio of the MWCNTafter HEBM and cold pressing
stages.
Fig. 6. Effect of PCA and milling speed on FWHM (G band) of MWCNT in the powder
mixtures after HEBM and green compacting.
K. S. Munir et al./Role of Process Control Agent in the Synthesis. . .
F
U
L
L
P
A
P
E
RThe powder mixture samples after HEBM without PCA
have shown relatively less increase in the ID/IG ratio and
FWHM (G band) of the MWCNT. It is assumed that PCA
improves the interaction of MWCNT with the titanium
particles but also add elemental level contaminations to the
powdermixtures. Non-sp2 defects inMWCNTwere increased
during the consolidation stage of powder mixture samples by
using the cold pressing. These non-sp2 defects may be presentFig. 7. Schematic sketch of defects originated in MWCNT during the HEBM and cold compaction processes.in the form of open edges and
vacancies in the MWCNT which
may become the potential sites for
carbide formation in high tempera-
ture consolidation and sintering
stages. Figure 7 shows the schematic
of the formation of various non-sp2
defects in the MWCNT during the
HEBM and cold compacting
processes.
Since the G band in the Raman
spectrum of the MWCNT represents
the crystallinity or degree of graph-
itization, the broadened G band
peaks may indicate the loss of
crystallinity in MWCNT, i.e., pristine
arrangements of carbon atoms in the
graphite network. Any disruptions in
the lattice, disorders and non-sp2ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 © 2015 WILEY-VCH Vedefects may lead to the formation of amorphous carbon
phase in MWCNT. It has been previously reported that the
Raman spectra of sp3 amorphous carbons showed broadened
G band peaks.[39] The presence of such amorphous phase in
the form of highly reactive elemental carbons may react with
the titanium particles instantly to form carbides at relatively
higher milling speeds and heat treated consolidation stages, i.
e., hot isotactic pressing (HIP) and spark plasma sintering
(SPS). The exothermic nature of the reaction between titanium
and elemental carbon was reported in previous studies with a
reaction enthalpy of 184.50 KJ mol1.[47] Such in situ
interfacial products and non-sp2 defects may deteriorate the
structural integrity of the MWCNT. These defects and
structural disorders may make the MWCNT not only lose
their unique mechanical and thermal properties, for which
they were selected as reinforcement in TMCs, but also affects
their load carrying capabilities in TMCs.
3.3. SEM Morphologies of Powder Mixtures after HEBM
The morphology of MWCNT-Ti powder mixtures after
HEBM for 4 h at different rotational speeds is shown in
Figure 8.
The powder mixture samples after HEBM with PCA have
shown a good dispersion ofMWCNTin the titaniummatrix. It
has been reported previously that PCA improves the
wettability of the MWCNT with the matrix materials.[48]
The morphology of powder mixture after HEBM at 200 rpm
for 4 h with PCA is shown in Figure 8a.The surface of powder
mixture samples was rough and slurry type powder mixture
samples were obtained from the milling vials. Pungent smell
was observed in the powder mixture samples after HEBM
whichmay be attributed to the decomposition of PCA because
of the prolongedmilling duration and a highermilling energy.
Decomposition of surfactants during HEBM has been
reported in previous studies.[49] Decomposition of PCA leads
to dominance of cold welding over fracturing of the powder
particles during the HEBM process and it eventually resultedrlag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 299 85
Fig. 8. SEMmicrographs of MWCNT-Ti powder mixtures after HEBM for 4 h at different rotational speeds
with and without the addition of PCA: (a) 200 rpm with PCA, (b) 200 rpm without PCA, (c) 150 rpm with
PCA, and (d) 150 rpm without PCA.
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samples after HEBM at 200 rpm with PCA. Raman spectra
revealed the in situ TiC formation and an increase in the ID/IGFig. 9. Particle size distributions of theMWCNT-Ti powder mixtures after HEBM for 4 h at different rotational
(b) 200 rpm without PCA, (c) 150 rpm with PCA, and (d) 150 rpm without PCA.
300 http://www.aem-journal.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheiratio and the FWHM (G band) of theMWCNT in
the powder mixtures after HEBM at 200 rpm
with PCA. The morphology of powder mixture
samples after HEBM at 200 rpm for 4 h without
PCA is shown in Figure 8b. Large MWCNT
clusters were observed on the surface of
titanium particles which shows inadequate
MWCNT dispersion in the absence of PCA.
Particle size distribution of powder mixtures
after HEBM at 200 rpmwithout PCA is shown in
Figure 9b, showing the dominance of cold
welding over the fracturing of the titanium
particles. Raman spectra of the powdermixtures
after HEBM revealed the in situ TiC formation at
MWCNT-Ti interface. The ID/IG ratio of the
MWCNT in the powder mixtures was higher
than that of as-received MWCNT and is 7%
lower than that of the ID/IG ratio of powder
mixture samples milled with PCA. The FWHM
(G band) of MWCNT in the powder mixture
samples milled without PCA was 5% higher
than that of the powdermixturesmilledwith the
PCA. This may be attributed to the modiﬁcation
of MWCNT with the PCA which eventuallyincreased its wettability and diffusion with the titanium
particles as reported in previous studies.[48] Whereas, cold
welding of titanium particles was dominant in the absence of
PCA and resulted in the larger particle sizes whichspeeds with and without the addition of PCA: (a) 200 rpmwith PCA,
m ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 86
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may eventually induced stresses and strains in the MWCNT
due to compression.
The morphology of the powder mixture samples after
HEBM at 150 rpmwith PCA is shown in Figure 8c. The surface
of titanium particles was unchanged and showed a good
dispersion of the MWCNT in the Ti matrix. Particle size
distribution of powder mixture samples after HEBM at
150 rpm with PCA is shown in Figure 9c. Relatively narrower
and homogenous particle size distributions were obtained for
the powder mixture samples ball milled at 150 rpmwith PCA.
SEM image (Figure 8c) showed ﬁne particle sizes which may
be attributed to the effective role of PCA as a lubricant in the
powder mixturesmilled at relatively lower rotational speed, i.
e., 150 rpm. Raman spectra (Figure 3c) of powder mixture
samples after HEBM did not reveal TiC Raman peaks. It is
assumed that MA process at lower rotational speed i.e.,
150 rpm in the presence of PCA did not provide sufﬁcient
inter-diffusion of MWCNT in the Ti matrix. The FWHM (G
band) of MWCNT in the powder mixtures was 19%, lower
than that of the powder mixtures milled at 200 rpmwith PCA.
Figure 8d shows the morphology of powder mixtures ball
milled at 150 rpm without PCA. Large MWCNTclusters were
observed on the surface of the Ti particles and showed an
inadequate dispersion of the MWCNT in the Ti matrix. The
particle size distribution of powder mixtures after HEBM at
150 rpm without PCA is shown in Figure 9d. Heterogeneous
particle size distribution was obtained which may be
attributed to the cold welding of the titanium particles and
some particles reached the size of 100mm. Raman spectra of
the powder mixtures after HEBM at 150 rpm without PCA
showed TiC Raman peaks (Figure 3d). The ID/IG ratio of
MWCNT in the powder mixtures milled with PCA was 35%
higher than that of the powder mixtures milled without PCA.
3.4. TEM Observation of Powder Mixtures after HEBM
The TEM and HRTEM images of the pristine MWCNTs are
presented in Figure 10 a–c. Highly entangled MWCNTs were
observed in the large clusters of MWCNTs as shown in
Figure 10a. The production method usually adopted for the
mass production of MWCNTs, e.g., chemical vapor deposition
(CVD) incorporated few structural defects in individual
MWCNTs. The TEM and HRTEM images of the powder
mixtures ball milled at the rotational speed of 200 rpmwith the
addition of PCAare shown inFigure 10d–f.Additional selected
area electron diffraction patterns (SAED) were obtained to
observe the structural changes in MWCNTs and TiC phase in
ball milled powder mixtures as shown in Figure 10f. The
presence of TiC phase in powdermixtures is in agreementwith
Raman analysis (Figure 3a). Better dispersion of MWCNTs in
theTimatrixwasobservedin thepowdermixturesballmilledat
the rotational speed of 150 rpm with the addition of PCA
(Figure 10g). Highly deformedMWCNTswere observed in the
ball milled powder mixture as shown in Figure 10h. These
defects in MWCNTs are attributed to the milling energy
absorbed by the MWCNTs from the milling balls andADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 © 2015 WILEY-VCH Veneighboring Ti particles. TiC phase was not detected in the
powder mixture which is in agreement with Raman analysis
(Figure 3c). Figure 10j–l show the TEM and HRTEM images of
the Ti-MWCNTs powder mixture ball milled at 200 rpm for 4 h
without any addition of PCA. Large Ti particles were observed
as shown in Figure 10j–k. Structural changes inMWCNTswere
observed by SAED pattern, showing a TiC phase in the
deformed regions ofMWCNTs as shown inFigure 10l. This is in
agreement with the Raman analysis (Figure 3b). The TEM and
HRTEM images of the powder mixtures ball milled at the
rotational speed of 150 rpm without the addition of PCA are
shown in Figure. 10m–o. The HRTEM images (Figure 10n–o)
revealed the in situ formation ofTiCwhich is in agreementwith
the Raman analysis (Figure 3d).
3.5. Powder Yield of Powder Mixtures after HEBM
The role of PCAwas studied in the powder mixtures after
HEBM by determining the powder yield, which is based on
the amount of loose powders recovered from the milling vials
after the milling process. For this purpose, the weight of the
powder mixtures was measured using a digital scale. Table 1
summarizes the powder yield of powder mixtures after
HEBM at 150 and 200 rpm with and without PCA. In case of
milling at 200 rpm with PCA, approximately 91% of the
charged powder mixtures were recovered from the milling
vials, whereas powder yield of the powder mixtures after
HEBM at 150 rpmwith PCAwas relatively higher, 98%. In the
absence of PCA, powder yield for the powder mixtures after
HEBM at rotational speeds of 200 and 150 rpm was 88 and
94%, respectively. It was observed that powder yield was
higher for the powder mixture samples ball milled at lower
milling speed in the presence of PCA.4. Conclusions
The inﬂuence of stearic acid (SA) as a process control agent
(PCA) and milling parameters of HEBM on the dispersion
mechanism of multi-walled carbon nanotubes (MWCNT) into
the titanium (Ti) matrix during mechanical alloying was
investigated in this study. Despite the effectiveness of HEBM
in overcoming the dispersion challenges, MWCNT may lose
their structural integrity during the composite processing. The
principle conclusions are as follows:1)rlagNon-sp2 defects were created in theMWCNTduring harsh
ball milling and consolidation stages. These structural
disorders and defects were assumed to be present in the
form of open edges and vacancies in the C–C network of
MWCNT.2) The addition of SA into the powder mixtures during
HEBM changed the morphology of the charged powders
through promoting the fracturing of powder particles over
the cold welding, which improved the dispersion of
MWCNT in the Ti matrix.3) The characteristic Raman peak ratio (ID/IG) of MWCNT
corresponded to the sp3/sp2 ratio. Compared to powderGmbH & Co. KGaA, Weinheim http://www.aem-journal.com 301 87
Fig. 10. TEMmicrographs of as-receivedMWCNTs and powder mixtures ball milled at different rotational speeds for 4 h with and without the addition of PCA: (a) agglomerate of as
receivedMWCNTs, (b) tubular structure of an individualMWCNT, (c) HRTEM image showing the individual walls of aMWCNT, (d–f) Ti-MWCNT powder mixture ball milled at
200 rpm with the addition of PCA, (e) MWCNTs and TiC particles embedded in the Ti matrix, (f) HRTEM image with inset showing the corresponding diffraction pattern, (g–i)
Ti-MWCNT powder mixture ball milled at 150 rpm with addition of PCA, (h) highly deformed MWCNTs in the powder mixtures, (i) HRTEM image showing the dispersion of
MWCNTs in Ti matrix with inset showing the corresponding diffraction pattern, (i–l) Ti-MWCNT powder mixture ball milled at 200 rpm without the addition of PCA, (k) Ti
particles with embedded TiC particles, (l) HRTEM image phase in the deformed regions of MWCNTs with inset showing the corresponding diffraction pattern, (m–o) Ti-MWCNT
powder mixture ball milled at 150 rpm without the addition of PCA, (n) formation of TiC nano rods in Ti matrix, and (o) HRTEM image clearly showing the lattice fringes of
MWCNT and TiC phase in the deformation zone of MWCNTs.
Table 1. Powder yield of Ti-MWCNT powder mixture samples after HEBM for 4 h
at milling speeds of 200 and 150 rpm, with and without the addition of PCA.
Powder yield [wt%]
Samples 200 rpm 150 rpm
With PCA 91.60 0.06 98.11 0.07
Without PCA 87.91 0.10 93.99 0.14
K. S. Munir et al./Role of Process Control Agent in the Synthesis. . .
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F
U
L
L
P
A
P
E
Rmixtures prepared fromHEBMwithout SA, the ID/IG ratio
of MWCNT in the powder mixtures prepared fromHEBM
with SAwas relatively higher. This can be attributed to the
increase in diffusivity and interaction of ﬁne titanium
particles with MWCNT due to the addition of SA.4) The powder yield of the powdermixtures after HEBMwas
increased with the addition of SA, indicating an effective
role of SA as a lubricant in the MA process.5) The SA decomposed at the higher milling speed of
200 rpm, which resulted in the loss of its function asaA, Weinheim ADVANCED ENGINEERING MATERIALS 2016, 18, No. 2 88
K. S. Munir et al./Role of Process Control Agent in the Synthesis. . .
ADV
F
U
Llubricant, leading to coldwelding of powder particles, and
eventually heterogeneous particle size distributions.L6)P
A
P
E
RThe formation of nanocrystalline TiC phase became more
homogenous once the cold welding dominated the
fracturing of the powder particles. The in situ formation
of TiC during the HEBM depended on the milling
parameters and environment, and can be controlled by
adjusting the milling parameters.7) High milling speeds, i.e., 200 rpm and decomposition of
SA resulted in the broadening of the G band Raman peak
of MWCNT which may be attributed to the loss of
crystallinity and formation of highly reactive sp3 amor-
phous phase in the MWCNT.8) The full-width at half-maximum (FWHM) of the G band in
MWCNT was further increased during the cold compac-
tion of powder mixture samples.9) The characteristic Raman peak ratio (ID/IG) was increased
after the cold compaction of the powder mixtures.
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Chapter Overview 
 
 
The effects of milling parameters and role of PCA on the nano-structural evolution of 
Ti-CNTs powder mixtures have been discussed in Chapter 4. However, dry HEBM 
conditions resulted in an inadequate de-bundling and dispersion of CNTs clusters which 
adversely affected their structural integrity. The aim of this chapter is to develop a cost 
effective dispersion method which can preserve the characteristic sp2 C-C network in 
CNTs, improve their de-bundling and dispersion into the Ti matrix, and improve the 
resultant mechanical properties of the fabricated TMCs. In this study, CNTs reinforced 
TMCs were synthesised using different powder metallurgy routes. The results showed 
that sonication-assisted ball milling is an effective and efficient technique to disperse 
CNTs into the metal matrices without losing their unique tubular morphology and 
characteristic structural integrity. 
 This study has been published in Materials and Design. 
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Keywords:
Multi-walled carbon nanotubes (MWCNTs)
High energy ball milling (HEBM)
MWCNTs-Ti composites
Spark plasma sintering (SPS)
Raman spectroscopyThe inﬂuence of various synthesis techniques on the dispersion and evolution of multi-walled carbon nanotubes
(MWCNTs) in titanium (Ti) metal matrix composites (TMCs) prepared via powder metallurgy routes has been
investigated. The synthesis techniques included sonication, high energy ball milling (HEBM), cold compaction,
high temperature vacuum sintering and spark plasma sintering (SPS). Powder mixtures of Ti and MWCNTs
(0.5 wt.%) were processed by HEBM in two batches: (i) ball milling of the mixtures (Batch 1) and (ii) ball milling
of Ti powder alone, followedby a further ballmillingwith sonicatedMWCNTs (Batch 2). Both batches of the pow-
dermixtureswere pressed at 40MPa into green compacts and then sintered in vacuum. Batch 2 powdermixtures
were also consolidated using SPS. The crystallinity and sp2 carbon network of the MWCNTs were characterized
through analyzing the characteristic Raman peak ratio (ID/IG) of each processed sample. X-ray diffraction
(XRD)was used for phase identiﬁcation. Scanning electronmicroscopy (SEM) and transmission electronmicros-
copy (TEM) were used to study the morphology of the MWCNTs in the powder mixtures. The evolution of
MWCNTs during the fabrication process and mechanical properties of the sintered compacts were discussed in
conjunction with the formation of nano-crystalline TiC.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
The extraordinary mechanical and thermal properties of multi-
walled carbon nanotubes (MWCNTs) advocate their use as a promising
reinforcement in metal matrix composites (MMCs). Their tubular mor-
phology and superior mechanical properties (e.g., Young's modulus in
the terapascal (TPa) range) make them an ideal reinforcement material
for metal matrices [1]. Much research has been carried out to assess the
attributes of MWCNTs reinforced aluminum (Al) [2,3] and titanium (Ti)
[4–6]. MWCNTs reinforced titanium metal matrix composites (TMCs)
have the potential to offer signiﬁcantly enhanced elastic modulus,
thermal conductivity and other tribological properties of interest [5,7,
8]. Improvement in these properties is particularly attractive for weight
savings in the aerospace and automotive industries through replacing
existing conventional materials. Recent developments in CNTs
(0.35 wt.%) reinforced TMCs have shown signiﬁcant enhancements in
ultimate tensile strength and yield strength [4,5]. The presence of sp2
carbon-carbon (C–C) bonds in the MWCNTs imparts them excellent
mechanical and thermal properties [9,10]. In general, the superior prop-
erties and chemical stability of carbon nanotubes (CNTs) are attributed
to the sp2 C–C bonds t in their outer shells [10–12].In the synthesis of MWCNTs reinforced TMCs, achieving a uniform
dispersion of MWCNTs in the Ti metal matrix while retaining their sp2
carbon network is a key challenge. MWCNTs tend to agglomerate be-
cause of their nano-scale dimensions and the strong Van der Waals
forces among individual tubes [13]. In order to solve the dispersion
problem, high energy ballmilling (HEBM) via powdermetallurgy routes
has emerged as an effective and economic technique to disperse
MWCNTs in the metal matrices [1,14]. However, it has been reported
that harsh milling conditions produce defects in carbon nanotubes
(CNTs) [15,16]. These structural defects generate non-sp2 disorders in
the C–C network of MWCNTs, leading to loss in their unique properties.
Deterioration of the strong sp2 carbon network in MWCNTs results in
the formation of vacancies and open edges in MWCNTs [17,18]. The for-
mation of highly reactive sp3 C–C amorphous phase is also capable of trig-
gering interfacial reactions at the metal-reinforcement interface during
ball milling, thus favoring the formation of carbides [19,20]. In metal
matrix composites (MMCs), thematrix transfers the load to the reinforce-
ment during loading. Consequently, the matrix-reinforcement interfaces
play an important role in deﬁning the strengthening mechanism of the
MMCs [21,22]. It is therefore important to retain the essential load-
bearing capability of MWCNTs during the various processing stages.
Ultra-sonication is a physicalmethodwhich can break up large agglomer-
ates of CNTs to achieve uniform dispersions [23]. The de-bundling is
attained through the interactions of the shock waves, produced by      91
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[24–30]. As a result, the dispersion and de-bundling of the CNTs are
governed by the key sonication parameters including sonication time,
sonication energy and intervals [31,32]. The formation of open edges, va-
cancies and defects in the side walls of CNTs constitutes the non-
sp2structural disorders in CNTs during ball milling, leading to a loss in
their unique properties due to the conversion of sp2 to sp3 hybridized car-
bons [33]. Furthermore, collapse, buckling andﬂattening of inner and side
walls of MWCNTs have been reported previously when harsh ball milling
conditions are employed [34]. The formation of non-sp2 defects in the sp2
C–C network of MWCNTs not only changes the morphology of the CNTs
but also downgrades their unique properties. It has been found that the
load-bearing capability of CNTs depends upon their tubular and structural
integrity [35]. Hence processing techniques should be optimized to
achieve a better dispersion while retaining the tubular structure of
MWCNTs with high aspect ratios [36]. CNTs experience severe bending
stresses during HEBM and sonication but their ultra-high elastic modulus
(~1 TPa) allows effective stress relief uponunloading. On the other hand if
such severely stressed CNTs are embedded into themetalmatrices during
composite processing stages then the residual stresses may lead to their
breakage and the formation of a multi-layered graphite structure with a
partial amorphous state [37,38].
To date, the inﬂuence of different powder processing techniques on
the sp2 C–C network of MWCNTs and the resultantMWCNTs reinforced
TMCs have not been adequately studied as yet. In this study, MWCNTs-
Ti composites were synthesized using each of the following approaches,
HEBM, sonication assisted HEBM, cold compaction, high temperature
vacuum sintering and spark plasma sintering (SPS). The evolution of
the MWCNTs during different stages of processing and their dispersion
mechanism in the Ti matrix were quantitatively studied. The morpho-
logical changes and dispersion mechanism of MWCNTs, and the forma-
tion of the crystalline phase of TiC in the powder mixtures and sintered
composites were investigated.2. Experimental
2.1. Starting materials
MWCNTs powders (outer diameter (OD) = 10–35 nm, inner diam-
eter (ID)=3–10 nm, Length (L)=1–10 μm, purity N90%)were used as
the reinforcement of the TMCs (Sun Nanotech Inc., China). Pure titani-
um (Ti) powder (99.7% purity, average size =20 μm) was used as the
metal matrix (Atlantic Equipment Engineers, USA). Stearic acid
(C18H36O2) with purity of 99.99% and ethanol (C2H5OH) with purity
99.8%were used as the process control agent and dispersant solvent, re-
spectively (Sigma-Aldrich, Australia).Fig. 1. Schematic diagram of experimental set up used for the syn2.2. High energy ball milling (HEBM)
A planetary ball mill was used for the HEBM to disperse 0.5 wt.%
MWCNTs into the titanium matrix (Retsch 400 M, Germany). Two
batches of Ti-MWCNTs powder mixtures were prepared. The ﬁrst
batch (Batch 1) was prepared by ball milling of Ti powder with
0.5 wt.% MWCNTs for 1 h at rotational speed (rpm) of 150 rpm. Stearic
acid (SA, 0.5 wt.%) was added to the charged powders in order to pro-
mote fracturing over cold welding of the powder mixtures. The starting
powder mixtures were charged in stainless steel vials (500ml, inner di-
ameter (ID)=100mm)with stainless steel balls of three different sizes
(diameter (d) = 15, 10 and 7 mm). The different sizes of the balls were
used to avoid cold welding of powder particles and to increase the col-
lision energy introduced into the powder particles [39,40]. Ball to pow-
der ratio (BPR) was maintained at 5:1. HEBM was carried out under
high purity argon (Ar, 99.99% purity) and at intervals of 30 min for
30min of milling, in order to prevent samples from heating. The second
batch (Batch 2) was prepared in four steps. In the ﬁrst step ball milling
of Ti powder was carried out with 0.5 wt.% SA for 1 h at 150 rpm while
keeping the other milling parameters same as those for Batch 1. In the
next step, as-received MWCNTs were dispersed in ethanol using an
ultra-sonicator in a water bath for 3 min. Powder to dispersant solvent
concentration was kept 1 mg/ml. MWCNTs-Ti powder mixture was
then prepared by ball milling of sonicatedMWCNTswith the ball milled
Ti powder for 1 h at 150 rpm. Fig. 1 schematically shows the experimen-
tal set-up used in this study. Ballmilled powdermixtureswere collected
in a glove box under an Ar atmosphere in order to prevent atmospheric
contamination. Finally, the powdermixturewas dried in a vacuumoven
overnight at 100 °C (Thermo Fisher-scientiﬁc, Australia).2.3. Consolidation of powder mixtures
Green compacts were prepared from the powder mixtures of both
batches by using a uni-axial hydraulic press under a pressure of
40 MPa for 10 min using a steel die with a diameter of 16 mm. The
cold pressed compacts were then sintered in a high vacuum furnace at
1100 °C for 2 hwith the heating/cooling rate of 10 °C/min. Batch 2 pow-
dermixtureswere also consolidated in a graphite diewith a diameter of
10 mm by spark plasma sintering (SPS-925, SPS Syntex Inc. Japan). The
SPSwas carried out at a temperature of 800 °C for 5min at a heating and
cooling rates of 10 °C/min under a pressure of 50 MPa. Sintered com-
pacts from SPS (denoted as Batch 3)were prepared in order to compare
the evolution of MWCNTs and the resultant densiﬁcation of the com-
posites prepared from different processes. The density of the sintered
composites was measured according to standard ASTM B962-15
which is based on Archimedes' principle. As-received Ti powder wasthesis of composites: (a) Batch 1, (b) Batch 2 and (c) Batch 3.
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vacuum furnace using Batches 1 and 2 composite manufacturing
parameters.
2.4. Characterization of powder mixtures and consolidated compacts
The morphology of the powder mixtures after different ball milling
processes was observed by using scanning electron microscopy (SEM,
FEI Quanta 200 ESEM) coupled with energy dispersive X-ray spectrom-
etry (EDX) and transmission electronmicroscopy (TEM, JEOL 1010).Mi-
crostructure of polished sintered compacts was observed by using an
optical microscope (Leica DM2500Mwith 3.1MP CCD). Structural chang-
es and crystalline phases in the powder mixtures and the consolidated
compacts were characterized by using X-ray diffractometer (XRD, Rigaku
D/max-rB) and Raman spectroscope (In-Via Raman microscope,
Renishaw Plc). The XRD proﬁles of as-received powders and consolidated
compacts were scanned using Cu-Kα (λ=0.154 nm) radiation at a scan-
ning rate of 1°/min over the angular range of 20–90°. Raman scattering
was obtained in the spectral range of 200–1700 cm−1 on multiple pow-
der mixtures and consolidated compacts at least 10 different positions
with an acquisition of 50s using a 514 nm laser (laser power =
5.63 mW). Intensity of Raman peaks and their corresponding positions
were obtained by deconvoluting the Raman spectra into two Gaussian
peaks using Wire 4.1 software.
2.5. Evaluation of mechanical properties of the composites
The nano hardness and elastic modulus of the sintered Batches 1, 2
and 3 composites were investigated using a Hysitron TI-950
TriboIndenter with a Berkovich diamond tip. Sintered compacts were
mirror polished before the nano-indentation tests. A load of 5000 μN
was applied linearly up to maximum load in 10 s with a dwell time of
10 s followed by unloading in 10 s. For each sintered compact at least
twenty indentations were performed in the form of 5 × 4 array on 3Fig. 2. SEMand TEM images of starting powders: a) SEM image of Ti powder, b) SEM image ofMW
MWCNT.different positions. The indentations were separated by 20 μm. Thermal
drift was set to be less than 0.05 nm/s. The nano hardness and elastic
modulus of the sintered compacts were evaluated by using Oliver and
Pharr method.3. Experimental results
3.1. Dispersion of MWCNTs in Ti matrix
The morphology of the as-received Ti and MWCNTs powders is
shown in Fig. 2a–d. Because of the strong vanderWaal forces, individual
CNTs tend to agglomerate into large clusters. In order to disperse them
into the Timetalmatrix, an adequate energy is therefore required to de-
bundle them by overcoming those strong van der Waal forces.
The morphology of the Batch 1 Ti-MWCNTs powder mixtures ball
milled at 150 rpm for 1 h is shown in Fig. 3a–c. MWCNTswere observed
on the Ti particles with an average agglomerate size of 2 μm. Despite an
effective dispersion of MWCNTs in the Ti matrix, ball milling of the Ti-
MWCNTs powders could not effectively de-bundle the individual
MWCNTs. CNTs tend to agglomerate into large clusters because of
their enormously high surface area (typically 1000m2/g for nano parti-
cles); and their high aspect ratios further impede their uniform disper-
sion in metal matrices [41]. It has been reported that the presence of
CNTs in the form of agglomerates and clusters do not provide a 3D net-
work. These characteristic features would affect the efﬁcient load-
bearing carrying capability of the CNTs in the composites [42].
Furthermore, harshmilling such as high ball to powder ratios (BPRs)
and high milling speeds could adversely affect the CNTs by introducing
defects in their graphitic structure. Therefore it becomes a challenge to
achieve an efﬁcient dispersion of CNTs in the metal matrices while
retaining their unique graphitic structure and tubular morphology.
The TEM image (Fig. 3c) shows a signiﬁcant damage to the MWCNT
ball milled with Ti at 150 rpm.CNTs powder, (c) TEM image ofMWCNTs powder, and (d)HRTEM image of an individual
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milling at 150 rpm for 1 h is shown in Fig. 3d–f The ball milling of Ti
powder was carried outwith adding stearic acid (SA) as process control
agent (PCA) in order to decrease the surface free energy of Ti particles.
Stearic acid is generally composed of a hydrophilic head and a hydro-
phobic tail. The hydrophilic head of SA adheres on the hydrophilic
metal particle surface, lowers its surface free energy, preventing the
cold welding of particles by introducing hydrophobic tails around them
[43]. Sonication assisted ball milling of MWCNTs-Ti powder mixture re-
sulted inwell debundling of individual CNTs; and a uniformdispersion of
MWCNTs in the Timatrixwas achievedwhich is shown in Fig. 3d–e. Son-
ication assisted ball milling did not introduce extensive defects in
MWCNTs and eventually MWCNTS retained their tubular morphology
as shown in the Fig. 3f. Sonication parameters, such as sonication time,
energy, medium and concentration of CNTs in the medium are critical
factors in determining the efﬁciency of the debundling of CNTs. It has
been reported previously that high sonication energy and prolonged
sonication times would damage the CNTs since it could introduce struc-
tural defects and disorders in sp2carbon–carbon network of CNTs [44].
Thus effort was made to ﬁnd an optimum dispersion energy for
MWCNTs dispersion in Ti matrix. The energy required for an adequate
dispersion of MWCNTs can be calculated by following equation [45]:
E ¼ P t
v
ð1Þ
where, E is the sonication energy in J/ml, P is the output power of a
sonicator in Watts, t is the sonication time in seconds and V is the
total volume in ml to be sonicated.
In this study, the optimum energy for dispersing 25 mg MWCNTs
in 25 ml ethanol solvent was calculated to 19.2 J/ml whereas the
total power transferred to MWCNTs during the sonication process was
calculated to 2.66 W. MWCNTs are generally composed of a number
of adjacent tubes which held together by strong van der Waals forces
(~ −100 eV) [46]. During HEBM, impact energy is transferred to the
powders from the milling balls. For Batch 2 powder mixtures prepared
from sonication assisted ball milling, the impact energy transferred
to the powder mixture can be calculated by the following equationsFig. 3. SEM and TEM images of ball milled Ti-MWCNTs powder mixtures: (a) SEM image of Bat
deformation toMWCNTs during ball milling, (d) SEM image of Batch 2- after sonication assisted
showing individual MWCNTs in Batch 2 powder mixture after sonication assisted ball milling.[47]:
Ek ¼
1
2
mbVb
2
 
ð2Þ
where, Ek is the kinetic energy transferred to the charged powders,mb is
the mass of the milling balls and V is the velocity of the milling balls.
The velocity of milling balls, Vb, can be determined by the following
equation:
Vb
2 ¼ R:Ωð Þ2 þ r−rbð Þ2:ω2: 1þ 2:
ω
Ω
h i
ð3Þ
where, R and Ω are the radius and angular speed (radians/s) of a sun
wheel disk of planetary ball mill, respectively; r and rb are the radius
of milling vial and milling ball, respectively; and ω is the angular
speed of milling vial in radians/s.
Using the above equations, the energy density required to debundle
them during ball milling can be calculated according to the combination
of the milling balls used in this study. The overall impact energy trans-
ferred to the charged powder mixtures is calculated to be 10.68 W.
Therefore, for Batch 2 powdermixtures, total impact power to debundle
theMWCNTs by sonication and their dispersion in Timatrix via HEBM is
calculated to be 13.34 W. It is assumed that this energy density is ade-
quate in overcoming the strong van der Waal forces (−100 eV)
among the adjacent MWCNTs without a considerable damage to their
tubular structure and characteristic aspect ratio. Compared to powder
mixtures prepared from Batch 1 ball milling, sonication assisted ball
milling (Batch 2) resulted in better debundling and dispersion of
MWCNTs in the Ti matrix. This is conﬁrmed by results of Raman spec-
troscopy described in the next section.
3.2. Raman spectra of powder mixtures and consolidated compacts
Raman spectroscopy is a valuable technique to characterize the sp2
based carbons of the MWCNTs in the powder mixtures and the sintered
composites. Batches 1 and 2 powder mixtures and their cold consolidat-
ed compacts were characterized by Raman spectroscope. The evolution
of the MWCNTs during various processing stages was recorded. Fig. 4
shows the Raman spectra of Batch 1 powder mixtures and theirch 1- after ball milling, b) TEM image of Batch 1 powder mixture, (c) TEM image showing
ball milling, (e) TEM image showing debundledMWCNTs in Ti matrix, and (e) TEM image
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Fig. 4.Ramanspectra of Batch1 composite: a) as-receivedMWCNTs powder, b) Ballmilled
powder mixture, c) Green compact, and d) Vacuum sintered compact. Fig. 5. Raman spectra of Batch2 composite: a) as-receivedMWCNTs powder, b) sonication
assisted ball milled powder mixture, c) green compact, and d) vacuum sintered compact.
Fig. 6. Raman spectra of Batch3 composite: a) as-receivedMWCNTs powder, b) sonication
assisted ball milled powder mixture, and c) Spark plasma sintered compact.
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MWCNTs is also presented to compare the effect of processing parame-
ters on the structural integrity of MWCNTs. Two main graphitic peaks
at 1343 and 1575 cm−1 were observed in the Raman spectra of as-
receivedMWCNTs powder, which correspond to D band and G band, re-
spectively. The D band intensity of MWCNTs indicates the defects con-
centration which is associated with the disorders in C–C bonds, which
can be termed as non-sp2 structural defects in graphitic materials.
Whereas the G band in MWCNTs corresponds to the in-plane stretching
mode of C–C bonds, termed as the degree ofmetallicity or crystallinity in
graphitic materials [48]. Since G band corresponds to the degree of crys-
tallinity or pristine arrangement of the carbon atoms in the graphite net-
work of MWCNTs, up-shifting of G band to higher wave numbers is an
indicator of stresses induced into the MWCNTs during the composite
processing [49]. The intensity ratio of the Raman peaks (ID/IG) is reported
to be an effective quantitative index to monitor the evolution of
MWCNTs during the various processing stages of carbon nanotubes rein-
forced composites [50].
The peak intensity ratio (ID/IG) of as-received MWCNTs was about
0.800,which indicates the dominance of sp2 C–C bonds over non-sp2 dis-
orders. The Raman spectrum of Batch 1 powder mixture samples
revealed peaks associated with unreacted MWCNT at 1343 and
1580 cm−1 which corresponded to the D band and G band, respectively.
The average characteristic Raman peak ratio (ID/IG) was increased to
1.270, indicating 59% increase in ID/IG. The G band shifted to a higher
wave number of 1580 cm−1. The decrease in G band intensitymay be at-
tributed to the non-sp2 structural defects in C–C bonds of the graphitic
structure of MWCNTs due to the HEBM processing. The ID/IG ratio of
MWCNTs during the cold pressing of Batch 1 ball milled powder mix-
tures further increased by 2% and G band shifted to a higher wave num-
ber of 1600 cm−1, indicating more stresses transferred to the MWCNTs
during the compaction processing. This implies that the majority of the
non-sp2 structural defects have been generated during ball milling. The
Raman spectra of the sintered compacts prepared from Batch 1 powder
mixtures revealed additional peaks at 260, 418 and 605 cm−1, corre-
sponding to titanium carbide (TiC), which is consistent with the results
reported in previous studies [51,52]. Furthermore, Raman spectra of
sintered composites also revealed the extensive loss of the crystallinity
of the MWCNTs. Peaks of an amorphous carbon phase were observed
and this phenomenonwas also reported in previous studies [53]. It is as-
sumed that during the ball milling, each individual MWCNT within one
agglomerate interacts with its neighboring MWCNT via friction, defor-
mation or even impact. Since this is an interaction between hard
MWCNTs, the energy absorbed by ball milling to each agglomerate can
be absorbed primarily by individual MWCNT via the formation of non-
sp2 structural defects.The Raman spectra of Batch 2 powder mixtures and their consolidat-
ed compacts are shown in Fig. 5. The Raman spectrum of the powder
mixtures obtained from the sonication assisted ball milling at 150 rpm
for 1 h revealed peaks associated with unreacted MWCNTs at 1343 and
1575 cm−1 which corresponded to the D band and G band, respectively.
The average characteristic Raman peak ratio (ID/IG) was measured as
0.950, indicating an increase in ID/IG ratio of 18%. Compared to the
Raman spectra of Batch 1 sample, the G band up-shifting to a higher
wave number was not observed. The characteristic Raman peak ratio
(ID/IG) of the Batch 2 ball milled powder mixtures was approximately
25% lower than that of the Batch 1 ball milled samples.
SEM image (Fig. 3(d)) of Batch 2 powder mixture revealed un-
bundled MWCNTs in Ti matrix. It is assumed that the breakdown of
MWCNTs agglomerate into individual MWCNTs improves their disper-
sion in the Ti matrix. During the ball milling, each individual MWCNT is
surrounded by the Ti matrix and therefore the energy introduced by the
ball milling is primarily absorbed by the soft Timatrix, reducing the direct
impact energy on each individual MWCNT and leading to limited struc-
tural damage. The intensity ratio (ID/IG) of the green compacts prepared
from the powder mixtures of Batch 2 was 0.960, increased by only 1% as
compared to the ID/IG ratio of MWCNTs in the sonication assisted ball
milled powder mixture. No up-shifting of G band to a higher or lower
wave numbers was observed. Raman spectra of the vacuum sintered95
Table 1
Evolution of characteristic ID/IG ratio of MWCNTs during various composite processing stages.
Sample (a) As-received MWCNTs (b) Ball milled powder mixtures (c) Green compact (d) Sintered compact % increase in ID/IG ratio (a–d)
Batch 1 0.80 ± 0.02 1.27 ± 0.06 1.29 ± 0.19 Amorphous carbon peaks 61%
Batch 2 0.80 ± 0.02 0.95 ± 0.04 0.96 ± 0.07 0.97 ± 0.12 21%
Batch 3 0.80 ± 0.02 0.95 ± 0.04 – 1.07 ± 0.23 33%
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ratio of the sintered composite was 0.970. This trend suggests that
dispersion and de-bundling of MWCNTs during the sonication-
assisted ball milling protect their structural integrity during further
composite processing stages. The ID/IG ratio of Batch 2 sintered com-
pact was 24% lower than that of the ball milled powder mixtures of
Batch 1.
The Raman spectra of Batch 2 powdermixtures and their consolidat-
ed compacts prepared by SPS (Batch 3) are shown in Fig. 6. The Raman
spectrum of the composite sintered by spark plasma sintering revealed
intense peaks associated with unreacted MWCNTs at 1343 and
1575 cm−1, corresponding to the D band and G band, respectively.
The average characteristic Raman peak ratio (ID/IG) was 1.070, indicat-
ing an increase in ID/IG ratio of 33%. Up-shifting of the G band to a higher
or lower wave numbers was not observed.
Compared to the ID/IG ratio of vacuum sintered composite of Batch 2
powder mixtures, the average ID/IG ratio of the samples after SPS was
10% higher but most of the Raman spectra revealed un-reacted
MWCNTs with intensity of the G band higher than that of the D band.
Raman spectra of the composites after SPS also revealed a few less in-
tense TiC peaks. It can be assumed that the TiC formation in the compos-
ites after SPS was limited, which was further conﬁrmed by the XRD
results. Table 1 summarizes the ID/IG ratio of the different batches dur-
ing different processing stages of themetalmatrix composites prepared
by different methods.
3.3. XRD characterization of the bulk composite samples
XRDwas used to identify the structural changes and the evolution of
the crystalline phases. Fig. 7a shows the XRD patterns of the starting
powders, ball milled powder mixtures and sintered composites of
Batch 1 samples. The XRD patterns for the milled powder mixtures re-
vealed only slightly broadened peaks corresponding to α-Ti. Since theFig. 7. XRD pattern of Batches 2 and 3 samples: a) as-received MWCNTs powder, b) Pure-Ti pow
furnace, and e) composite sintered by SPS.volume fraction of MWCNTs in the powder mixtures in this study was
very low (0.5wt.%), therefore XRD analysis did not reveal any peaks cor-
responding to MWCNTs. Another reason for the lack of MWCNTs peaks
could be the signiﬁcant difference inmass absorption coefﬁcient (for Cu
Kα radiations) of Ti and carbon (C) which are 208 and 4.6m2/g, respec-
tively [54].
XRD pattern of the sintered compacts revealed peaks corresponding
to unreacted Ti along with additional peaks of TiC at 2θ= 36.56° and
2θ= 42.36°. Raman spectroscopy of the sintered compacts of Batch 1
also revealed TiC peaks along with amorphous carbon peaks. XRD in
conjunction with Raman analyses conﬁrm the presence of TiC in the
vacuum sintered composites. Fig. 7b shows the XRD patterns of the
starting powders, ball milled powder mixture, Ti-MWCNTs composites
sintered by using vacuum furnace and SPS of the Batch 2 powder
mixtures.
The XRD pattern for the ball milled powder mixture only revealed
peaks corresponding to α-Ti; whereas the XRD pattern of vacuum
sintered composite showed peaks corresponding to unreacted α-Ti
along and additional TiC peaks at 2θ= 36.56° and 2θ= 42.36°. This is
consistent with Raman analysis on the vacuum sintered composites of
Batch 2 powder mixture also revealing less intense TiC peaks along
withMWCNTs. XRDpattern of the sintered composite by SPS did not re-
veal any TiC peaks. This may be attributed to the limited defect concen-
tration in the MWCNTs, the low sintering temperature (800 °C) and
short sintering time (5 min) which prevented the reaction between
MWCNTs and the surrounding Ti particles. It is also assumed that the
volume fraction of the TiC phase in the sintered composite by SPS was
very low. Raman spectra of the sintered composite by SPS also revealed
peaks of MWCNTs with higher G band intensity and weak TiC peaks,
compared to the composite sintered by vacuum furnace. It can be de-
duced that the dispersed and de-bundled MWCNTs in the Ti matrix ex-
hibit crystalline graphitic structure with higher chemical and thermal
stability thus avoid interfacial reactions during SPS.der, c) sonication assisted ball milled powder mixture, d) composite sintered by vacuum
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Fig. 8 shows the SEM image of the vacuum and spark plasma
sintered composites prepared from the ball milled powder mixtures of
Batches 1 and 2. The elemental maps of these sintered composites
were constructed to show the distribution of theMWCNTs in the Tima-
trix. Density of the sintered compacts wasmeasured according to ASTM
B962-15which is based onArchimedes' principle. Fig. 8a shows the SEM
image and the elemental maps of Ti and MWCNTs of the vacuum
sintered composites prepared from the Batch 1 powder mixtures. The
SEM image shows the presence of pores in the vacuum sintered com-
posite. Also MWCNTs agglomerates were present in the Ti matrix
(Fig. 3a). As discussed earlier, the agglomerates ofMWCNTs in the pow-
der mixture may result in an inadequate densiﬁcation of the composite
during the later consolidation stages. The average relative density of the
Batch 1 vacuum sintered composites was measured 92.78%.
Fig. 8b shows the SEM image and the elemental mapping of
MWCNTS and Ti in the vacuum sintered composites prepared fromFig. 8. EDS mapping of the elemental distribution in the sintered composites of Batches 1, 2 an
c) spark plasma sintered composite- Batch 3.theBatch 2 powdermixtures. The SEM image shows the surfacewithout
any defect and pores whereas the elemental map revealed a better dis-
persion of MWCNTs in the sintered composite, compared to vacuum
sintered composites prepared from Batch 1 powder mixture. The aver-
age relative density of the Batch 2 vacuumsintered compositewasmea-
sured 98.80%. Fig. 8c shows the SEM image and the elemental mapping
of the composite sintered by SPS from the Batch 2 ball milled powder
mixtures. The SEM image shows a surface without any defects and
pores; and the agglomerates of MWCNTs were found in the Ti matrix as
shown in the elemental map. It can be deduced that re-agglomeration
of MWCNTs in some regions of the composite occurred during SPS.
It is found that the dispersed MWCNTs tend to re-agglomerate dur-
ing high temperature consolidation. This is in agreement with previous
results of re-agglomeration of CNTs during the high temperature curing
stages of the composites [55].
The average relative density of the composite consolidated by using
SPS of Batch 2 powder mixtures was 99.80%. The relative density of the
vacuum sintered composite prepared from Batch 2 powder mixturesd 3: a) vacuum sintered composite- Batch 1, b) vacuum sintered composite- Batch 2, and
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Fig. 9. Optical micrographs of the sintered compacts: a) Ti compact, (b) Batch 1, (c) Batch 2, and (d) Batch 3.
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Batch 1 powder mixtures. It can be assumed that the agglomeration of
MWCNTs in the Batch 1 powder mixtures led to an inadequate densiﬁ-
cation of the sintered composite. Whereas, SPS resulted in an improved
densiﬁcation of the sintered composite prepared from Batch 2 powder
mixtures but also resulted in re-agglomeration of MWCNTs. Fig. 9a–d
shows the optical micrographs of the sintered composites. Re-
agglomeration of MWCNTs in Batch 3 sintered composite prepared by
using SPS was observed as shown in Fig. 9d.
Table 2 summarizes the results of the densities obtained from the
sintered composites of the three batches of themetal matrix composite
prepared by different techniques.3.5. Mechanical properties of the sintered composites
Fig. 10a shows the typical loading-unloading curve obtained from
the sintered composites of Batches 1, 2 and 3. Oliver and Pharr methodTable 2
Bulk and relative densities of the sintered composites of Batches 1, 2, and 3 powder
mixtures.
Sample Bulk density (g/cm3) Relative density (%)
Ti compact 4.03 89.5 ± 1.09
Batch 1 4.11 92.78 ± 1.08
Batch 2 4.40 98.80 ± 0.24
Batch 3 4.43 99.80 ± 0.03was used to evaluate the nano hardness and elastic modulus of the
sintered composite [56].
The nano hardness and elastic modulus values measured from the
nanoindentation for the unmilled Ti were 4.285 GPa and 100.056 GPa, re-
spectively. Fig. 10b shows themechanical properties obtained for the dif-
ferent sintered compacts of Batches 1, 2 and 3. Batch 1 sintered compact
showed a 30% increase in the nano hardness and 28% increase in the elas-
tic modulus as compared to unmilled Ti. This may be attributed to pres-
ence of MWCNTs agglomerates in the Ti matrix and interfacial reaction
between Ti andMWCNTs during the high temperature processing stages.
The Batch 2 sintered compact showed signiﬁcantly enhanced
mechanical properties with 192% increase in the nano hardness and
89% increase in the elastic modulus of the composites. It is assumed
that debundling and uniform dispersion of MWCNTs during the ball
milling resulted in an enhanced bonding between Ti and MWCNTs.
Such improved bonding led to the formation of TiC which not only re-
duced the porosity in the composite but also improved the load transfer
from the matrix to the reinforcement. Raman analysis (Fig. 5) and XRD
pattern (Fig. 7b) for the Batch 2 sintered composite also complimented
the formation of TiC peaks. The Batch 3 sintered composite showed 74%
increase in the nanohardness and 34% increase in the elasticmodulus as
compared to unmilled Ti compact. This increase in hardness and elastic
modulus of Batch 3 sintered composite was less than that of Batch 2
sintered composite. This may be attributed to the re-agglomeration of
MWCNTs during the SPS. Raman analysis (Fig. 6) also revealed more
damage to MWCNTs during SPS as compared to conventional high
temperature vacuum sintering. The shorter sintering time in SPS
reduced the formation of TiC which is evident from the XRD pattern
(Fig. 7b) of the Batch 3 sintered composite. It is assumed that although
SPS resulted in improved densiﬁcation of the composite but also98
Fig. 10.Mechanical properties of the sintered composites: (a) Comparison of load–displacement curves for different sintered compositeswith amaximum indentation loadof 5000 μN, and
(b) Comparison of mechanical properties obtained from the nanoindentation.
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ally reduced the mechanical properties.
NaCl type nano crystalline TiC shows a signiﬁcant thermal stability
with a high melting point of 3100 °C which inhibits its decomposition
in a wide temperature range of interest [57]. The in situ formation and
incorporation of uniformly distributed TiC improves the bonding
between the CNTs and Ti matrix which may lead to an improved
densiﬁcation of the sintered composites. On the other hand, signiﬁcant
mechanical properties of ceramic particulates (TiC) i.e., hardness,
toughness, and wear resistance may adversely affect the ductility and
the machinability of composites [58]. Conventional machining process
of TMCs is an expensive process as it shortens the tool life because of
an excessive tool wear [59]. The low thermal conductivity of Ti (~21
W/m.K) and high chemical reactivity causes an excessive temperature
on the tool tip which may lead to a signiﬁcant tool wear because of
the accumulation of thermal stresses. However, the thermal properties
of MWCNTs with superior thermal conductivity (~3000 W/m.K) make
them an ideal reinforcement for TMCs. A uniform dispersion and de-
bundling of MWCNTs in Ti matrix may improve the machinability of
TMCs. Compared to conventional machining processes, electric
discharge machining (EDM) has been reported an effective technique
tomachine high strength, wear resistant and toughMMCswith high di-
mensional accuracy and near-net- shape [58,60].4. Discussion
Extensive research has been carried out to investigate the reinforc-
ing effect of CNTs in TMCs prepared speciﬁcally via PM routes [4,5,
61–63]. Table 3 summarizes the fabrication methods and their effect
on the mechanical properties of TMCs as reported in previous studies.
The primary concern in the synthesis of MWCNTs reinforced TMCs is
to achieve uniformdispersion ofMWCNTs in Timatrices. The prime rea-
son for this is the dependence of mechanical properties of these com-
posites on the uniform dispersion of MWCNTs in the metal matrices.
Various approaches have been adopted to achieve uniform dispersion
of MWCNTs in Ti matrices as summarized in Table 3, i.e., surfactant so-
lution coating of MWCNTs, mechanical mixing using rocking mill/table
mill and high energy ball milling. Some success was achieved in
obtaining a uniform dispersion of MWCNTs by using solution coating
and mechanical mixing using low and high energy ball milling ap-
proaches. However, an inadequate de-bundling and dispersion of
MWCNTs clusters using these techniques triggered interfacial reactions
with the matrix at high sintering and post sintering deformation pro-
cesses, e.g., spark plasma sintering and hot extrusion. The harsh envi-
ronments in the adopted dispersion processing methods may severely
damage the sp2 C–C network inMWCNTs. This scenario makes it essen-
tial to observe the evolution of MWCNTs during the various dispersion
processing methods and advanced composite consolidation processingstages. Raman spectroscopy, as discussed earlier, is a promising tech-
nique to characterize sp2 carbon based composites, i.e., MWCNTs rein-
forced TMCs. There are various factors which play an important role in
enhancing the strengthening mechanism of MWCNTs reinforced
TMCs: (i) in situ TiC formation which improves an interfacial bonding
between matrix and reinforcement [4,5,62], (ii) uniform distribution
of in situ TiC particles in Timatrix [4,5,62], (iii) pinning effect of TiC par-
ticles in prohibiting the grain growth during the high temperature
sintering stages [5], and (iv) preservation of MWCNTs in Ti matrix dur-
ing high temperature consolidation stages by prohibiting or allowing a
limited interfacial interactions with the surrounding matrix [4,61]. The
homogenous dispersion and debundling of MWCNTs during the disper-
sion processingwith limited structural damage to their sp2 C–C network
may prohibit or limit the in situ TiC formation during consolidation
stages. Debundling of MWCNTs during dispersion processing also im-
proves the dispersion of TiC particles in Ti in further sintering process
of TMCs. Compared to other dispersion methods, sonication assisted
ball milling is an effective, efﬁcient and simplest method in achieving
a uniform dispersion of MWCNTs in Ti matrix.5. Conclusions
Sonication assisted ball milling of the powder mixture of MWCNTs
and Ti powders resulted in a homogenous and uniform dispersion of
MWCNTs in the Ti matrix. Raman spectroscopy results conﬁrmed that
compared to ball milling without sonication, sonication-assisted ball
milling signiﬁcantly reduced the defects formation in the sp2 C–C net-
work of MWCNTs. In addition, ball milling without sonication of the
powder mixtures resulted in an amorphous phase in MWCNTs, which
eventually triggered interfacial reactions between the reinforcement
and the matrix. This led to the in-situ formation of titanium carbide
(TiC). Agglomerates of MWCNTs on Ti particles resulted in the forma-
tion of pores leading to poor densiﬁcation of the sintered composites.
On the other hand, sonication-assisted ball milling resulted in limited
structural damages to the MWCNTs, allowing adequate densiﬁcation
of the composites (achieving 98.8% relative density by pressure less vac-
uum sintering, and 99.8% by SPS). Composites prepared via SPS showed
a re-agglomeration of MWCNTs but the crystallinity of MWCNTs in the
composite was well preserved. The MWCNTs in the vacuum sintered
and spark plasma sintered composites prepared from the Batch 2 pow-
der mixtures displayed better integrity than those in the vacuum
sintered composites prepared from the Batch 1 powder mixtures. De-
bundling and uniform dispersion ofMWCNTS in the Timatrix enhanced
the mechanical properties of the composites. The present results sug-
gest that sonication-assisted ball milling is an effective and efﬁcient
technique to disperse CNTs into the metal matrices without losing
their unique tubular morphology and characteristic structural integrity
in the form of sp2 C–C network.99
Table 3
Comparison of different dispersion processing techniques in MWCNTs reinforced TMCs.
Dispersion processing technique Process description Structural changes in CNTs TiC formation Mechanical properties of TMCs
(compared to unreinforced Ti)
Surfactant solution coating ([4]; [63]) Coating of Ti powders with 0.35 wt.% MWCNTs
zwitterionic surfactant solution
Inadequate de-bundling of CNTs on Ti powder lead to some
clustering of TiC particles during SPS.
No information on initial and ﬁnal crystallinity of MWCNTs.
In situ TiC formation during SPS and hot
extrusion
Hardness (Vickers) Increased by 9.2%
Yield strength increased by 57.2%
Mechanical mixing [5] Mixing of Ti-0.4 wt% MWCNTs powders using
rocking mill for 2 h. cle-safe oil used as a
lubricant.
Clustering of TiC particles around bundle of un-reacted CNTs.
No information on initial and ﬁnal crystallinity of MWCNTs.
In situ TiC formation during SPS and hot
extrusion
Tensile strength increased by 11.3%
Yield strength increased by 40.2%
Heterogeneous coacervation method
followed by mechanical stirring [61]
Mechanical mixing of 3 wt.% MWCNTs-H2O2
suspension with Ti-cetyl trimethyl ammonium
bromide (CTAB) surfactant ethanol suspension.
Inadequate de-bundling of MWCNTs on Ti particles.
Re-agglomeration of MWCNTs during SPS process.
no information on initial and ﬁnal crystallinity of MWCNTs.
Limited in situ TiC formation during SPS In situ formation of TiC at high sintering
temperatures slightly decreased the
compression resistance of composites
High energy ball milling [62] High energy ball milling of 1 wt.% MWCNTs-Ti
powder mixtures at 100 rpm for 24 h
Uniform dispersion of MWCNTs obtained into the Ti matrix
after long milling time.
no information on initial and ﬁnal crystallinity of MWCNTs.
In situ TiC formation during SPS and hot
extrusion
Tensile strength increased by 80.7%
Yield strength increased by 143.6%
Mechanical mixing [6] Mechanical mixing of Ti-20 vol.% CNTs for 5 h Uniform dispersion of MWCNTs reported by using mechanical
mixing.
CNTs retained their original structure
no information on initial and ﬁnal crystallinity of MWCNTs.
In situ TiC formation during hot pressing Elastic modulus increased by 65%
Hardness (Vickers) Increased by 450%
High energy ball milling (this study) 0.5 wt.% MWCNTs-Ti powder mixtures ball
milled with stearic acid at 150 rpm for 1 h
Inadequate dispersion of MWCNTs obtained on the surface of
Ti particles.
61% increase in characteristic Raman peak ratio (ID/IG)
showing severe loss in crystallinity of MWCNTs.
In situ TiC formation during pressure
less vacuum sintering
Elastic modulus increased by 28%
Hardness (Nano indentation)
Increased by 30%
Sonication assisted ball milling
(this study)
0.5 wt.% sonicated MWCNTs-Ti powder mixtures
ball milled with pre-milled Ti-stearic acid powders
at 150 rpm for 1 h
De-bundling and uniform dispersion of MWCNTs obtained in
Ti matrix
21% increase in characteristic Raman peak ratio (ID/IG)
showing reduced loss in crystallinity of MWCNTs.
Limited In situ TiC formation during
pressure less vacuum sintering
Elastic modulus increased by 89%
Hardness (Nano indentation)
Increased by 192%
Sonication assisted ball milling
(this study)
0.5 wt.% sonicated MWCNTs-Ti powder
mixtures ball milled with pre-milled Ti-stearic
acid powders at 150 rpm for 1 h
De-bundling and uniform dispersion of MWCNTs obtained in
Ti matrix.
Re-agglomeration of MWCNTs in Ti matrix observed during
the SPS.
33% increase in characteristic Raman peak ratio (ID/IG)
showing reduced loss in crystallinity of MWCNTs.
Limited In situ TiC formation during SPS Elastic modulus increased by 34%
Hardness (Nano indentation)
Increased by 74%
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The inﬂuence of milling energy on the dispersion and evolution of multi-walled carbon nanotubes
(MWCNTs) in titanium (Ti) metal matrix composites (TMCs) prepared via powder metallurgy has been
investigated. High energy ball milling (HEBM) was employed to disperse MWCNTs (0.5 wt.%) into Ti
matrix in two controlled ball milling processes: with and without in-situ formation of titanium carbide
(TiC). Both types of the powder mixtures were then pressed under 40 MPa into green compacts and
sintered in a high vacuum furnace at 1100 C for 2 h. The evolution of MWCNTs during the fabrication
process and the mechanical properties of the sintered composites were discussed in conjunction with
the in-situ formation of nano-crystalline TiC. The mechanical properties of the composites consolidated
from the powder mixtures with in-situ formed TiC during HEBM were signiﬁcantly enhanced as opposed
to composites consolidated from the powder mixtures without formation of TiC during HEBM.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Titanium and its alloys have found important applications in
aerospace, petrochemical engineering and many other industries
because of their high speciﬁc strength, low density and excellent
corrosion resistance [1e4]. In order to minimize the fuel con-
sumptions for global sustainability, it has become compelling to
develop light weight, high strength and cost effective structural
materials. Carbon nanotubes (CNTs) reinforced titanium metal
matrix composites (TMCs) offer the potential to replace unrein-
forced titanium alloys for various applications [5e7]. The ultra-high
elastic modulus (~1 TPa) and thermal conductivity (~3000 W/m.K)
of CNTs inspire heir use as a reinforcement material in metal matrix
composites (MMCs) [8,9]. These unique properties of CNTs are
attributed to their seamless cylindrical morphology which is
comprised of an intact sp2 carbonecarbon (CeC) network [10,11]. A
key challenge in the fabrication of CNTs reinforced TMCs is to
achieve a uniform dispersion of CNTs in the Ti matrix [5,7,9]. The
challenge arises from the nano-scale dimensions, characteristic
tubular morphology, high aspect ratio, enormous surface area and
strong Van derWaals forces which cause CNTs to agglomerate. Highenergy ball milling (HEBM) via powder metallurgy route has been
utilised to disperse CNTs into Ti powder matrix [6,9]. However,
harsh ball milling conditions impart severe damage to the sp2
carbon network of CNTs [12,13]. These defects in CNTs are generally
seen in the form of open edges and vacancies in the CeC network of
CNTs which may make the thermodynamically stable CNTs more
reactive during high temperature consolidation stages of TMCs. The
interfacial reaction between titanium and carbon nanotubes is
generally dictated by an exothermic reaction with a reaction
enthalpy of e 184.5 kJ/mol [14]. Agarwal et al. [15] predicted Gibbs
free energy values of 180 kJ/mol at 100 C and 155 kJ/mol at
1500 C for the formation of TiC. Similarly, Li et al. [16] calculated
the Gibbs free energy for the formation of TiC between Ti and CNTs
at 800 C and obtained a value of 172 kJ/mol. The formation of TiC
as an interfacial product during the processing of CNTs reinforced
TMCs has the potential to either improve or deteriorate the me-
chanical properties of the composites, depending on the resulting
wettability with the CNTs through the interfacial TiC [9,17]. An
alternative perspective in the synthesis of CNTs reinforced TMCs is
to minimize the interfacial as to utilize the intrinsic outstanding
properties of CNTs for which they were selected as reinforcement
for the TMCs. Thus it is important to develop an understanding to
predict the mechanical behaviour of CNTs-reinforced TMCs with
and without the in-situ formation of TiC during the mechanical103
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MWCNTs (~10e500 m2/g) [18] enhances the stress transfer from
the matrix and therefore the load carrying capabilities but it also
makes it difﬁcult to disperse the CNTs into the Ti matrices. The
dispersion degree of the MWCNTs by ball milling and the accu-
mulated defects in their sp2 CeC network are related to the kinetic
energy supplied to the dispersion processing [19]. The impact en-
ergy transferred to the powder mixtures by ball milling can be
calculated using [20]:
Ek ¼

1
2
mbVb
2

(1)
where, Ek is the kinetic energy transferred to the charged powders,
mb is themass of themilling balls and V is the velocity of themilling
balls.
The velocity of milling balls, Vb, can be determined using [20]:
Vb
2 ¼ ðR$UÞ2 þ ðr rbÞ2$u2$
h
1þ 2$u
U
i
(2)
where, R andU are the radius and angular speed (radians per sec) of
a sun wheel disk of a planetary ball mill, respectively; r and rb are
respective radii of milling vial and milling ball, and u is the angular
speed of milling vial in radians per sec.
As yet the inﬂuence of milling energy on the evolution of sp2
CeC network of MWCNTs and the resultant MWCNTs reinforced
TMCs have not been adequately studied. In this research, MWCNTs-
Ti powder mixtures were synthesized via HEBM followed by cold
compaction and vacuum sintering. The HEBM conditions that
promote or avoid the in-situ formation of nano-crystalline interfa-
cial TiC were determined. The purpose was to identify and under-
stand the effect of milling energy on the dispersive behaviour of
CNTs in the Ti powder mixtures during HEBM and in the subse-
quent as-sintered TMCs. The evolution of CNTs in the Ti matrix and
the effect of the interfacial reactions on the mechanical properties
of the TMCS were investigated in detail.2. Experimental
2.1. Starting materials
MWCNTs powders (outer diameter (OD) ¼ 10e35 nm, inner
diameter (ID) ¼ 3e10 nm, length (L) ¼ 1e10 mm, purity > 90%, Sun
Nanotech Inc., China)were used as the reinforcement of the TMCs.
Pure titanium (Ti) powder (97.5% purity, - 325 mesh, Atlantic
Equipment Engineers, USA) was used as the metal matrix. Stearic
acid (C18H36O2, 99.99% purity, SigmaeAldrich, Australia) was used
as the process control agent.2.2. High energy ball milling (HEBM)
A planetary ball mill was used for the HEBM to disperse 0.5 wt.%
MWCNTs into the titanium powder matrix (Retsch PM 400, Ger-
many). Two batches of Ti-MWCNTs powder mixtures were pre-
pared. The ﬁrst batch (Batch 1) was prepared by ball milling of Ti
powder with 0.5 wt.% MWCNTs at the rotational speed of 200 rpm
for 1 h, 2 h, 3 h and 4 h, providing milling energy levels to the
charged powders with 18.30 W, 36.60 W, 54.91 W and 73.20 W,
respectively, calculated using Eqs. (1) and (2). Stearic acid (SA,
0.5 wt.%) was added to the charged powders in order to promote
fracturing over cold welding of the powder mixtures. The starting
powder mixtures were charged in stainless steel vials (500 ml,
inner diameter (ID) ¼ 100 mm) with stainless steel balls of three
different sizes (diameter (d) ¼ 15, 10 and 7 mm). The different sizesof the balls were used to avoid cold welding of powder particles and
to increase the collision energy introduced into the powder parti-
cles [21,22]. The ball to powder ratio (BPR) was maintained at 5:1.
HEBM was carried out under high purity argon (Ar, 99.99% purity)
and at intervals of 30 min for 30 min of cooling, in order to prevent
samples from being over heated. The second batch (Batch 2) was
prepared by ball milling of Ti powder with 0.5 wt.% MWCNTs at the
rotational speed of 150 rpm for 1 h, 2 h, 3 h and 4 h, providing lower
milling energy levels with 10.19 W, 20.39 W, 30.56 W and 40.75 W,
respectively, calculated similarly using Eqs. (1) and (2). Ball milled
powder mixtures were collected after each 1 h of milling in a glove
box under an Ar atmosphere.2.3. Consolidation of powder mixtures
Cylindrical green compacts were prepared from the powder
mixtures of both batches using a steel die with a cylindrical cavity
of 16 mm in diameter, using a uni-axial hydraulic press under
40 MPa for 10 min. The compacts were sintered in a high vacuum
furnace at 1100 C for 2 h with the heating/cooling rate of 10 C/
min. The density of the sintered composites was measured ac-
cording to standard ASTM B962 which is based on the Archimedes'
principle. For comparison, as-received Ti powder was cold-
compacted and sintered following the same procedures.2.4. Characterization of powder mixtures and sintered compacts
The morphology of the powder mixtures after different ball
milling processes was observed by using transmission electron
microscopy (TEM, JEOL 1010, 2100F). As-sintered compacts were
examined using scanning electron microscopy (SEM, FEI Quanta
200 ESEM) coupled with energy dispersive X-ray spectrometry
(EDX) and optical microscopy (Leica DM2500M). Structural changes
and crystalline phases in the powder mixtures and the sintered
compacts were characterized using an X-ray diffractometer (XRD,
Rigaku D/max-rB, Cu-Ka with l ¼ 0.154 nm) at a scanning rate of
1/min over the angular range of 20e90. The relative weight
fractions of in-situ synthesized TiC in the sintered composites were
determined semi-quantitatively by deconvoluting the XRD peaks
using the reference intensity ratio (RIR) method [23,24]. Raman
scattering of the powder mixtures, green compacts and sintered
composites was obtained in the spectral range of 200e1800 cm1
on multiple powder mixtures and consolidated compacts from at
least 10 different positions with an acquisition time of 50 s using a
514 nm laser (laser power ¼ 5.63 mW). Intensity of Raman peaks
and their corresponding positions were obtained by deconvoluting
the Raman spectra into two Gaussian peaks using Wire 4.1
software.2.5. Evaluation of mechanical properties of the sintered composites
The nano hardness and elastic modulus of the as-sintered Batch
1 and 2 TMCs were evaluated using a Hysitron TI-950 TriboIndenter
with a Berkovich diamond tip based on the Oliver and Pharr
method [25]. All samples were mirror polished to 1 mm ﬁnish
before the nano indentation tests. A load of 5000 mN was applied
linearly up to maximum load in 10 s with a dwell time of 10 s
followed by unloading in 10 s. For each sintered composite at least
27 indentations were performed in the form of 3  3 array on 3
different positions. Each two indentations were spaced by 20 mm in
order to avoid any effect of residual stresses from the neighbouring
indents. Thermal drift was set to be less than 0.05 nm/s.104
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3.1. Dispersion and evolution of MWCNTs in Ti matrix during HEBM
The morphology of the starting powders for the as-received Ti
and the MWCNTs are shown in Fig. 1. MWCNTs are generally
composed of hollow concentric cylinders (typically with outer
diameter in the range of 10e30 nm) held together by Van derWaals
(VDW) forces with an inter layer spacing of 0.34e0.38 nm with a
slight disorder present in the stacked nanotube layers. Compared to
single wall carbon nanotubes (SWNCTs) in which neighbouring
carbon atoms form a strong covalent bond [26], MWCNTs are
composed of a number of adjacent tubes which hold together by
comparatively weaker VDW forces (~100 eV/mm) [27]. The SEM
image of the as-received Ti powders is shown in Fig.1a and the SEM
image of the MWCNTs is shown in Fig. 1b. It can be seen that the Ti
powders exhibited irregular shapes with particle sizes less than
45 mm and the MWCNTs powders showed strong agglomeration.
The TEM image of a MWCNTs bundle is shown in Fig. 1c and the
high-resolution transmission electron microscopy (HRTEM) image
of an individual MWCNT with inset showing its selected area
electron diffraction pattern (SAED) is shown in Fig. 1d. It can be
seen that a layer spacing of 0.38 nm is present among individual
walls of MWCNTs with a slight disorder presented in the stacked
nanotube layers.
The overall energy absorption during the ball milling is the
impact energy transferred to the charged powders. The impact
energy transferred to Batch 1 charged powder mixtures (ball milled
at 200 rpm) increased with the increasing milling time, ranging
from 18.30 W for 1 h ball milling and 73.20 W for 4 h ball milling.
The morphology of Batch 1 Ti-MWCNTs powder mixtures ball
milled at 200 rpm for different milling energies (18.30e73.20 W) is
shown in Fig. 2. Fig. 2aec show the TEM images of Batch 1 powder
mixtures ball milled at 18.30 W. MWCNTs were embedded in the Ti
powder matrix as shown in Fig. 2bec. The morphology of Batch 1
powder mixtures Batch 1 ball milled at 36.60 W is shown inFig. 1. Morphology of starting powders: (a) SEM image of as received Ti powder, (b) SEM im
MWCNTs bundle, and (d) HRTEM image showing an individual MWCNT with inset showing o
be viewed online.)Fig. 2def. More uniform dispersion ofMWCNTswas observed in the
Ti powder matrix as shown in TEM images (Fig. 2eef). Fig. 2gei
show themorphology of powdermixtures ball milled at the milling
energy of 54.91 W. Dispersion of MWCNTs in the Ti powder matrix
improved at higher milling energy of 54.91 W as shown in Fig. 2h
with some highly deformed MWCNTs observed in the Ti powder
matrix as shown in Fig. 2i.
Further increase in milling energy of 73.20 W revealed TiC
nanorods which were uniformly dispersed and embedded in the Ti
powder matrix as shown in Fig. 2kel as conﬁrmed by the selected
area diffraction pattern obtained from the TiC nanorods as shown in
inset of Fig. 2l. The in-situ formation of TiC at the milling energies
(18.30e73.20 W) were also revealed by Raman spectra obtained
from the ball milled powder mixtures [12] and will be discussed
later. The impact energy transferred to Batch 2 charged powder
mixtures (ball milled at 150 rpm) is calculated to be 10.19W for 1 h
ball milling, 20.38 W for 2 h ball milling, 30.56 W for 3 h ball
milling, and reached 40.75 W when milling time reached 4 h. The
morphology of Batch 2 powder mixtures ball milled at different
milling energies (10.19e40.75 W) is shown in Fig. 3.
Fig. 3aec show the TEM images of Batch 2 powder mixtures ball
milled at 10.19 W. Large agglomerates of MWCNTs were present on
the Ti particles as shown in Fig. 3aeb. Inadequate dispersion of
highly deformed MWCNTs with broken sides walls and open ends
was observed in Ti particles as shown in Fig. 3c. The morphology of
powder mixtures ball milled at milling energy of 20.38 W is shown
in Fig. 3def. A better dispersion of highly deformed MWCNTs was
observed into the Ti powder matrix as shown in Fig. 3dee. Further
increased in the milling energy of 30.56 W resulted in the severe
deformation of MWCNTs in the form of broken sidewalls, vacancies
and open ends as shown in Fig. 3h. The morphology of Batch 2
powder mixtures ball milled at milling energy of 40.75 W is shown
in Fig. 3jel. Severely deformed MWCNTs were observed in the Ti
powder matrix as shown in Fig. 3kel. Despite the defects concen-
tration in MWCNTs in the Batch 2 powder mixtures, formation of
in-situ TiC phase did not occur during the HEBM process asage of MWCNTs powder showing a strong agglomeration of MWCNTs, (c) TEM image of
btained selected area diffraction pattern of MWCNT. (A colour version of this ﬁgure can
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Fig. 2. TEM images of Batch 1 powder mixtures ball milled at different milling energies: (aec) 18.30 W, (def) 36.60 W, (gei) 54.91 W, and (jel) 73.20 W.
K.S. Munir et al. / Carbon 99 (2016) 384e397 387conﬁrmed by Raman spectra obtained from the ball milled powder
mixtures [12] and will be discussed later.
Fig. 4 shows the HRTEM images with an inset showing the SAED
pattern which were obtained from Batch 1 and 2 powder mixtures
ball milled at milling energies of 73.20 and 40.75 W, respectively.
The HRTEM image (Fig. 4a) conﬁrmed the formation of in-situnano-crystalline TiC in the ball milled powder mixture ball milled
at higher milling energy of 73.20 W, as shown in Fig. 4a. This
complements the results from the Raman spectra generated from
the ball milled powder mixtures which will be discussed later.
At higher milling energy of 73.20 W, the decomposition of
stearic acid occurred in Batch 2 powder mixtures which led to106
Fig. 3. TEM images of Batch 2 powder mixtures ball milled at different milling energies: (aec) 10.19 W, (def) 20.38 W, (gei) 30.56 W, and (jel) 40.75 W.
K.S. Munir et al. / Carbon 99 (2016) 384e397388preferential occurrence of cold welding of Ti powder particles over
fracturing during HEBM process [12]. This phenomenon may result
in a spontaneous exothermic reaction between the Ti matrix and
the embedded MWCNTs with broken side walls and open edges
because of the friction experienced from the neighbouring Ti par-
ticles. The formation of in-situ TiC became more homogenous andspontaneous as Batch 1 powder mixtures ball milled at higher
milling energy of 73.20 W, as shown in Fig. 2kel. It is assumed that
at higher milling energy MWCNTs entered into the grain bound-
aries of Ti and thus completely embedded into the surrounding Ti
matrix at extendedmilling durations. TEM images revealed that the
in-situ TiC exhibited the nano rod morphology of in-situ TiC in the107
Fig. 4. HR-TEM images with inset SAED patterns of Batch 1 & 2 powder mixture after HEBM: (a) Batch 1, and (b) Batch 2. (A colour version of this ﬁgure can be viewed online.)
K.S. Munir et al. / Carbon 99 (2016) 384e397 389powder mixtures at milling energy of 73.20 W as shown in
Fig. 2kel. The HRTEM image (Fig. 4b) conﬁrmed the absence of in-
situ nano-crystalline TiC in the Batch 2 ball milled powder mixtures
at milling energy of 40.75 W and revealed a diffraction pattern
corresponding to MWCNTs. This complements the results from the
Raman spectra generated from the Batch 2 ball milled powder
mixtures which will be discussed later.3.2. X-ray diffraction (XRD) characterization of the sintered
composites
Structural changes and the evolution of the crystalline phases in
the sintered compacts were characterized by XRD. Fig. 5 shows the
XRD patterns of the sintered composites prepared from the powder
mixtures of Batch 1 and 2. The XRD patterns for the milled powder
mixtures revealed only slightly broadened peaks corresponding to
a-Ti for different milling durations [12]. HRTEM images along with
diffraction patterns revealed in-situ formation of TiC during the ball
milling of Batch 1 powder mixtures. This was complimented by
Raman spectra obtained from the powder mixtures and will be
discussed later. However, the XRD patterns did not reveal peaks
corresponding to MWCNTs and TiC [12].
This may be attributed to the low concentrations of MWCNTs in
the powder mixtures used in this study (0.5 wt.%). The signiﬁcant
difference in mass absorption coefﬁcient (for Cu Ka radiations) of Ti
and carbon (C) which are 208 and 4.6 m2/g, respectively, could be
another reason of the absence of MWCNTs or TiC peaks in the ball
milled Ti-MWCNTs powder mixtures [28]. XRD patterns of Batch 1
sintered composites (Fig. 5a) revealed less intense peaks of in-situFig. 5. XRD patterns of sintered composites: (a) Batch 1, and (b) Bsynthesized TiC at 2q ¼ 36.3, 41.9, and 60.9 along with un-
reacted a-Ti peaks. The intensity of in-situ formed TiC peaks was
slightly higher for the composites consolidated from the powder
mixtures ball milled at milling energies of 18.30e36.60 W. How-
ever, XRD patterns of the consolidated composites prepared from
the powder mixtures ball milled at higher milling energies of
54.91e73.20 W showed less intense TiC peaks. This may be
attributed to homogenous in-situ formation of TiC during the HEBM
at relatively higher milling energies as revealed by Raman spectra
and TEM images (Fig. 2gel). It is assumed that the interfacial layer
of TiC on the open edges and deformed side walls of MWCNTs
enhanced the wetting and interfacial bonding of MWCNTs with the
surrounding Ti matrix. In-situ synthesized TiC nano-rods were
observed in the TEM images (Fig. 2kel) of powder mixtures ball
milled at higher milling energy of 73.20 W. TiC is considered as an
exceptionally stable carbide as it does not decompose or undergo
phase transformations at elevated temperatures [29]. Presence of
such hard and thermally stable interfacial layer of TiC around
MWCNTs may improve their thermal stability which is beneﬁcial in
avoiding interfacial interactions with the highly reactive sur-
rounding Ti matrix at elevated temperatures during the composite
consolidation stages i.e. vacuum sintering. The in-situ TiC weight
fractions were measured semi-quantitatively from the XRD peaks.
The XRD pattern of the sintered composite prepared from the
powder mixtures ball milled at impact energy of 18.30 W revealed
1 wt. % TiC; while the sintered composites prepared from the
powder mixtures ball milled at impact energy of 73.20 Wexhibited
0.4 wt.% TiC. This may be attributed to the in-situ TiC formation
during the HEBM which was became homogeneous at longeratch 2. (A colour version of this ﬁgure can be viewed online.)
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thermally stable TiC phase at the outer edges of MWCNTs protect
them from further deterioration at higher milling energies [12] and
provide a shielding effect during the further consolidation stages of
composites. XRD patterns of Batch 2 sintered composites (Fig. 5b)
revealed slightly intense peaks of in-situ synthesized TiC along with
un-reacted a-Ti peaks. The XRD pattern of the sintered composites
prepared from the powder mixtures ball milled at impact energy of
10.19 W revealed 1.6 wt. % TiC which increased to 5.9 wt. % for the
sintered composites prepared from the powder mixtures ball mil-
led at impact energy of 40.75 W. This may be attributed to the
defect concentration in MWCNTs generated at higher milling en-
ergies in the form of non-sp2 defects in their CeC network [12].
Presence of highly deformed MWCNTs in the Ti matrix may trigger
the interfacial reactions during the high temperatures processing of
composites. Another reason could be the in-sufﬁcient debundling
and dispersion of MWCNTs in the Ti matrix which could favour the
solid state reactions between the highly reactive Ti matrix and
severely deformed MWCNTs [19]. It has been reported in previous
studies that the presence of highly deformed MWCNTs and their
broken agglomerates may form coarse and clustering of TiC parti-
cles as MWCNTs tend to re-agglomerate during the high temper-
ature consolidation stages [8,30]. The semi-quantitative phase
analysis of in-situ TiC in the sintered composites may be useful for
the comparing the different composite samples with non-
stoichiometric in-situ formed TiC concentrations.
3.3. Microstructure of sintered composites
The scanning electron microscopy (SEM)-back scattered elec-
tron images (BEI) of the sintered Ti-MWCNTs composites prepared
from Batch 1 and 2 powder mixtures ball milled at different en-
ergies are shown in Fig. 6. The BEIs of the Batch 1 sintered com-
posites revealed the TiC dispersoids embedded in the Ti matrix, as
shown in Fig. 6aed. The Batch 1 sintered composites prepared from
the powder mixtures ball milled at milling energies of 18.30 and
36.60 W showed the formation of micro pores as shown in Fig. 6a
and b, respectively; whereas, the composites prepared from the
powder mixtures ball milled at higher milling energies of 54.91 W
and 73.20 W showed a dense microstructure with the absence of
any microspores and a distribution of ﬁne TiC particles in the Ti
matrix as shown in Fig. 6c and d, respectively.
The in-situ formed ﬁne TiC particles were uniformly dispersed inFig. 6. Backscattered electron micrographs of the sintered composites prepared from Batch 1
(b) Batch 1 at 36.60 W, (c) Batch 1 at 54.91 W, (d) Batch 1 at 73.20 W, (e) Batch 2 at 10.19the Ti matrix for the composite prepared from the powder mixture
ball milled at higher milling energy of 73.20 W, as shown in Fig. 6d.
The SEM-BEIs of the sintered composites prepared from the Batch 2
powder mixtures ball milled at milling energy of 10.19 W, 20.38 W,
30.56W, and 40.75Ware shown in Fig. 6eeh, respectively. It can be
seen that clustering of TiC particles was observed in the Batch 2
sintered composite prepared from the powder mixture ball milled
at milling energies of 10.19 W (Fig. 6e) and 20.38 W (Fig. 6f). This
may be attributed to the inadequate dispersion and debundling of
MWCNTs during the HEBM process ball milled at milling energies
of 10.19 W and 20.38 W, (Fig. 3a and d), respectively. This is in
agreement with the results from previous studies which have re-
ported the clustering of coarse TiC particles in Ti matrix because of
insufﬁcient dispersion of MWCNTs during the dispersion process-
ing processes [30]. Fig. 7 shows the BEI along with the EDX patterns
of in-situ formed TiC particle dispersed in the Ti matrix for the
composite prepared from the powder mixture ball milled at
73.20 W.
Image analysis was performed on the optical micrographs of the
sintered composites to calculate the particle size and area fractions
of in-situ formed TiC and the results are shown in Fig. 8. The optical
micrograph of the sintered composite prepared from the as-
received Ti powder is shown in Fig. 8a and the optical micro-
graphs of the sintered composites prepared from the Batch 1 and
Batch 2 powder mixtures ball milled at different milling energies
are shown in Fig. 8bee and fei, respectively. The average in-situ TiC
particle size was measured 4.56 mm for the sintered composite
consolidated from the Batch 1 powder mixtures ball milled at
impact energy of 18.30 W, as shown in Fig. 8b.
The micro pores and cracks in the vicinity of TiC particles indi-
cate the weak interface with the Ti matrix in the presence of small
un-reacted MWCNTs aggregates. Previous studies have reported
such sites may be attributed to a thermal mismatch of Ti matrix and
TiC/un-reacted MWCNTs dispersoids, which may act as potential
crack initiation origins [9]. The area faction of embedded TiC par-
ticles in the Ti matrix was measured 3.06% for the composite sin-
tered from the Batch 1 powder mixture milled at 18.30 W and the
average relative density of the sintered composite was measured
93.15%. Sintered composite prepared from the Batch 1 powder
mixtures ball milled at 36.60W, showed an average TiC particle size
of 6.14 mmwith an increased area fraction of TiC particles (~3.79%)
in the Ti matrix. This may be attributed to defect concentration ((ID/
IG) ratio ¼ 1.25) in the MWCNTs, limited in-situ TiC formationand 2 powder mixtures ball milled at different milling energies: a) Batch 1 at 18.30 W,
W, (f) Batch 2 at 20.38 W, (g) Batch 2 at 30.56 W, and (h) Batch 2 at 40.75 W.
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Fig. 7. TiC particle embedded in the TMC prepared from Batch 1 powder mixture at milling energy of 73.20 W: (a) Backscattered electron image, (b) EDX spectrum of X position, and
(c) EDX spectrum of Y position.
Fig. 8. Optical micrographs of the sintered compacts prepared from the as received CP-Ti powder and the sintered composites prepared from the Batch 1 and 2 powder mixtures
ball milled at different milling energies: (a) un-milled CP-Ti, (b) Batch 1 milled at 18.30 W, (c) Batch 1 milled at 36.60 W, (d) Batch 1 milled at 54.91 W, (e) Batch 1 milled at 73.20 W,
(f) Batch 2 milled at 10.19 W, (g) Batch 2 milled at 20.38 W, (h) Batch 2 milled at 30.56 W, and (i) Batch 2 milled at 40.75 W. (A colour version of this ﬁgure can be viewed online.)
K.S. Munir et al. / Carbon 99 (2016) 384e397 391during the HEBM during the initial milling durations [12] and re-
agglomeration of MWCNTs during consolidation stages. The
average relative density of the sintered composites was measured
95.37%. However, sintered composites consolidated from the Batch
1 powdermixturesmilled at highermilling energies of 54.91Wand
73.20Wrevealed uniform distributions of ﬁne TiC particles in the Ti
matrix with theminimumdefects in the form of pores and cracks as
shown in Fig. 8d and e, respectively. The average relative density of
the sintered composites was improved to 96.14% and 98.10%,respectively. This may be attributed to homogenous in-situ for-
mation of an interfacial layer of TiC around MWCNTs during the
HEBM performed at the higher milling energies. The average par-
ticle size of in-situ TiC reduced to 1.88 mmwith TiC area fraction of
1.48% in the Ti matrix for the sintered composite prepared from the
powder mixture ball milled at 73.20 W, as shown in Fig. 8e. At
higher milling energies, the interfacial layer of TiC around the
MWCNTs exhibited a nano-rod morphology (Fig. 2jel). Raman
spectra of the powder mixtures also complimented the in-situ110
K.S. Munir et al. / Carbon 99 (2016) 384e397392formation of TiC at higher milling energies and will be discussed
later. The strengthening of CNTs reinforced TMCs was attributed to
formation and uniform distribution of in-situ TiC particles
embedded in Ti matrix [30]. The size, shape, area fractions of such
in-situ particles may have a signiﬁcant impact on the mechanical
properties of TMCs [9,30]. The sintered composites prepared from
the Batch 2 powder mixtures ball milled at relatively lower milling
energies revealed coarser TiC particles in the Ti matrix as shown in
Fig. 8fei. The in-situ TiC particle size was measured 4.68 mm for the
composite sintered from the powder mixtures ball milled at impact
energy of 10.19 W (Fig. 8f) and the TiC area fraction was measured
3.7%. Micro cracks and pores were observed in the sintered com-
posite which may be attributed to un-reacted MWCNTs and re-
agglomeration of MWCNTs during the consolidation processing of
the composites. The average relative density of the sintered com-
posite was measured 92.78%. The in-situ TiC particle size increased
to 7.50 mmwith an area fraction of 2.3% for the sintered composite
prepared from the powder mixtures ball milled at milling energy of
40.75 W (Fig. 8i). The average relative density of the sintered
composite was measured 95.86%. The large colonies and clustering
of TiC particles indicate an inadequate debundling and dispersion
ofMWCNTs during HEBM. Thismay lead to re-agglomeration of un-
reacted MWCNTs with the formation of coarser TiC particles in the
vicinity of clustered MWCNTs. Table 1 summarizes the weight
fractions, particle size and area fractions of in-situ TiC in the sin-
tered composites from the Batch 1 and 2 powder mixtures.3.4. Raman spectra of the sintered composites
The superior mechanical and thermal properties of CNTs are
mostly attributed to the presence of strong sp2 CeC network in
their outer shells [10,31]. Any damages or changes to sp2 CeC in
MWCNTs may affect their structural integrity and intrinsic prop-
erties of interest for which theywere selected as a reinforcement in
MMCs [19,32]. In the processing of CNTs reinforced composites, it is
essential to evaluate the evolution of sp2 CeC network of MWCNTs
during various composite processing stages. Raman spectroscopy
has been recognized as a valuable characterization technique for
the evaluation of sp2 carbons based composites. Fig. 9 shows the
Raman spectra of Batch 1 powder mixtures ball milled at different
milling energies and their consolidated composites. Two main
graphitic peaks at 1343 and 1575 cm1 were observed in the Raman
spectra of as-received MWCNTs powder, which correspond to D
band and G band, respectively [12]. The Raman peak corresponding
to D band in MWCNTs indicates the defects concentration which is
associated with the non-sp2 disorders in CeC bonds, Whereas the
Raman peak of G band in MWCNTs is generally attributed to the in-
plane stretching mode of CeC bonds, termed as the degree of
metallicity or crystallinity in graphitic materials [33]. The charac-
teristic Raman peak intensity ratio (ID/IG) is commonly used toTable 1
Effect of milling energy during HEBM on the evolution of MWCNTs, in-situ formation of
Sample Powder mixtures Green compact Sintered co
Impact energy during
HEBM (Watt)
ID/IG ratio
(MWCNTs) [12]
ID/IG ratio
(MWCNTs)
ID/IG ratio
(MWCNTs)
Batch 1 18.30 1.16 ± 0.04 1.18 ± 0.05 1.34 ± 0.07
36.60 1.25 ± 0.10 1.33 ± 0.07 1.42 ± 0.03
54.91 1.28 ± 0.08 1.36 ± 0.10 1.45 ± 0.06
73.20 1.34 ± 0.05 1.42 ± 0.02 1.52 ± 0.12
Batch 2 10.19 1.27 ± 0.03 1.31 ± 0.06 1.45 ± 0.08
20.38 1.43 ± 0.11 1.48 ± 0.09 1.55 ± 0.03
30.56 1.45 ± 0.05 1.52 ± 0.04 e
40.75 1.72 ± 0.07 1.74 ± 0.12 eevaluate the quality and purity of CNTs. The decrease in intensity
and broadening of characteristic G band in MWCNTs is generally
associated with defect concentration in sp2 CeC network of
MWCNTs [32,34]. The Raman spectra of the Batch 1 powder mix-
tures showed additional titanium carbide (TiC) peaks at 260, 418
and 605 cm1 (Fig. 9aed), which is consistent with the results re-
ported in previous studies [35,36]. Raman peak intensity ratio (ID/
IG) increased from 0.83 to 1.16 when impact energy of 18.50 W
(Fig. 9a) was transferred to charged powders during of HEBM and
further increased to 1.34 when milling energy reached 73.20 W
(Fig. 9d). The ID/IG ratio of green compact prepared from the
powder mixture ball milled at 18.30 W was measured 1.18, and
further increased to 1.34 during the high temperature vacuum
sintering (Fig. 9a). The G band shifted to higher wave number of
1580 cm1 which is attributed to stresses transferred to MWCNTs
from the surrounding Ti matrix during the consolidation stages.
Raman spectra of green compact prepared from the powder
mixture ball milled at higher milling energy of 73.20 W revealed
peaks of un-reacted MWCNTs with less intense peaks of TiC
(Fig. 9d); the ID/IG ratio of green compact was measured 1.33, and
further increased to 1.42 during the high temperature vacuum
sintering. The G band shifted to higher wave number of 1582 cm1
which is attributed to stresses transferred to MWCNTs from the
surrounding Ti matrix during the consolidation stages. The ID/IG
ratio of MWCNTs, during various processing stages of Batch 1
powder mixtures and their sintered composites, is summarized in
Table 1.
The Raman spectra of the Batch 2 powdermixtures ball milled at
relatively lower milling energies did not reveal titanium carbide
(TiC) peaks, as shown in Fig. 10. The characteristic Raman peak
intensity ratio (ID/IG) of the MWCNTs in the powder mixtures ball
milled at milling energy of 10.19 W increased from 0.83 (ID/IG ratio
of as-received MWCNT) to 1.27and further increased to 1.72 when
milling energy reached 40.75 W, as shown in Fig. 10a and d,
respectively. The ID/IG ratio of green compact prepared from the
powder mixture ball milled at low milling energy of 10.19 W was
measured 1.31, and increased to 1.45 during the high temperature
vacuum sintering (Fig. 10a).
Raman spectra revealed broadened G band peaks during the
consolidation stages of the composite, which is attributed to defect
concentration and loss of crystallinity in MWCNTs. Raman spectra
of green compact prepared from the Batch 2 powder mixture ball
milled at higher milling energy of 40.75 W revealed a higher defect
concentration in MWCNTs (Fig. 10d). The ID/IG ratio of green
compact prepared from the powdermixtures ball milled at 40.75W
was measured 1.74. Raman spectra revealed extensive broadening
in G band which shows the amorphization of MWCNTs during the
consolidation stages of the composites. Intense TiC peaks were
observed in the Raman spectra of sintered composites (Fig. 10aed).
Raman spectra of the sintered composites prepared from the BatchTiC and density of sintered composites.
mpacts
In-situ synthesized TiC
(wt. %)
Mean TiC particle size
(mm)
TiC fraction
(%)
Relative
density (%)
1.00 4.56 3.06 93.15 ± 0.52
0.60 6.14 3.79 95.37 ± 1.21
0.50 4.37 3.61 96.14 ± 0.34
0.40 1.88 1.48 98.10 ± 1.02
1.60 5.12 3.70 92.78 ± 1.08
2.00 6.56 3.58 93.14 ± 0.80
3.80 7.05 3.68 94.13 ± 0.61
5.90 7.50 2.30 95.86 ± 1.04
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Fig. 9. Raman spectra of samples for Batch 1 powder mixtures milled at different milling energies and their sintered composites: a) 18.30 W, (b) 36.60 W, (c) 54.90 W, and (d)
73.20 W. (A colour version of this ﬁgure can be viewed online.)
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revealed the highly deformed morphology of MWCNTs at extended
milling durations (Fig. 3gel). The defect concentration, extensive
loss in crystallinity and amorphization of MWCNTs may trigger the
interfacial reaction between the severely damaged MWCNTs and Ti
matrix during the high temperature sintering stages. XRD scans
also revealed relatively intense peaks corresponding to TiC in the
composites prepared with the highly deformed MWCNTs (Fig. 5b).
Inadequate dispersion and formation of highly reactive sp3
amorphous phase inMWCNTs led to a large TiC dispersoids in the Ti
matrix, as shown in Fig. 8fei. Raman spectra of the sintered com-
posites prepared from the Batch 2 powder mixtures revealed some
amorphous carbon peaks which are attributed to severe deforma-
tion in MWCNTs, resulting in interfacial reactions during the high
temperature processing of these composites (Fig. 10aed). Fig. 11
shows the trend of overall impact energy transferred to the
charged powders during HEBM for the Batch 1 and 2 powder
mixtures.3.5. Mechanical properties of the consolidated composites
The typical loadingeunloading curves obtained from the nano
indentation of sintered composites of Batch 1 and 2 powder mix-
tures are shown in Fig. 13a and c, respectively. The nano hardness
and elastic modulus of the sintered composites were evaluated by
using Oliver and Pharr method [25]. The nano hardness and elastic
modulus values measured from the nanoindentation for the un-
milled commercially pure CP-Ti were 4.28 GPa and 100.05 GPa,
respectively. Fig. 13b shows the mechanical properties of the
composites prepared from the Batch 1 powder mixtures ball milledat different milling energies. The nano hardness and elastic
modulus of sintered composites prepared from the Batch 1 powder
mixture ball milled at 18.30 W showed a 130% increase in the nano
hardness and 32% increase in the elastic modulus as compared to
sintered compact of unmilled CP-Ti. This may be attributed to
presence and dispersion of MWCNTs in the Ti matrix, as shown in
Fig. 2aec. The Raman spectra (Fig. 9a) revealed in-situ formation of
TiC during HEBM which was not homogenously distributed in the
matrix during the early milling durations but became more ho-
mogenous at ball milling at longer ball milling times, i.e., higher
milling energies. Clustering of TiC particles was observed in the
sintered composite as shown in Fig. 8b with an average TiC particle
size of 4.56 mm. It is assumed that the deformation of MWCNTs and
inadequate dispersion at early milling durations triggered the
interfacial reactions between deformed MWCNTs and surrounding
Ti matrix. This is in agreement with the results reported in previous
studies where inadequate dispersion of the MWCNTs resulted in
the clustering of TiC dispersoids and coarse TiC particles [30,37].
The nano hardness and elastic modulus of the sintered compact
prepared from the powder mixture ball milled at higher milling
energy of 73.20 W showed a 207% increase in the nano hardness
and 86% increase in the elastic modulus as compared to the sintered
compact of unmilled CP-Ti. This may be attributed to the improved
dispersion of MWCNTs and homogenous in-situ formation of TiC
during the HEBM (Fig. 2jel). Spontaneous formation of TiC during
the HEBM at higher milling energy of 73.20 W, resulted in uniform
dispersion of ﬁne TiC particles with an average particle size of
1.88 mm, as shown in Fig. 8e. It has been reported that uniform
dispersion of ﬁne TiC particles provides a pinning effect to grain
growth in the Ti matrix and contributes in a strengthening of the112
Fig. 10. Raman spectra of Batch 2 powder mixtures ball milled at different milling energies and their sintered composites: a) 10.19 W, (b) 20.38 W, (c) 30.57 W, and (d) 40.75 W. (A
colour version of this ﬁgure can be viewed online.)
Fig. 11. Mapping and effect of an impact energy transferred to the MWCNTs during
HEBM of Batch 1 and 2 powder mixtures. (A colour version of this ﬁgure can be viewed
online.)
K.S. Munir et al. / Carbon 99 (2016) 384e397394composite [16,37]. Fig. 12 shows the HRTEM images of the interface
between Ti matrix and the uniformly distributed in-situ TiC dis-
persoids particles. The lattice fringe spacing in the lower left part of
Fig. 12bwas measured as 2.555 Å which corresponds to (100) plane
of a-Ti. The lattice fringe spacing in the upper right part of HRTEM
image (Fig. 12b) was measured as 2.150 Å which corresponds to(200) plane of TiC. Nanobeam diffraction (NBD) patterns were ob-
tained from the individual crystals of Ti and TiC which are shown in
inset of Fig. 12b.
Fig. 13d shows the mechanical properties of composites pre-
pared from the Batch 2 powder mixtures ball milled at different
milling energies. The nano hardness and elastic modulus of the
sintered compact prepared from the powder mixture ball milled at
10.19 W showed a 127% increase in the nano hardness and 22%
increase in the elastic modulus as compared to sintered compact of
unmilled CP-Ti. Clustering of TiC particles was observed in the
sintered composite, as shown in Fig. 8f with an average size of
5.12 mm for the TiC particles. The nano hardness and elastic
modulus of the sintered compact prepared from the powder
mixture ball milled at higher milling energy of 40.75 W showed a
138% increase in the nano hardness and 67% increase in the elastic
modulus as compared to sintered compact of unmilled CP-Ti. The
nano hardness and elastic modulus were lower than that of the
sintered composite prepared from the Batch 1 powder mixtures
ball milled at higher milling energy of 73.20 W. The absence of an
interfacial layer of TiC around the MWCNTs in Batch 2 powder
mixtures during the HEBM resulted in their severe deformation
during the extended milling durations (Fig. 3gel), which was also
conﬁrmed by the Raman spectra as shown in Fig.10ced. Inadequate
dispersion, debundling and severe deformation of MWCNTs resul-
ted in the formation of coarse TiC particles with a with an average
particle size of 7.50 mm. The presence of pores in the interface of TiC
particles and surrounding Ti matrix also indicated a poor interfacial
bonding, as shown in Fig. 8hei. Such poor or defected interface
between the reinforcement and the metal matrix may deteriorate
the load transfer capabilities from the matrix to the reinforcements113
Fig. 12. HRTEM images of TieTiC interface in the vacuum sintered composite prepared from the Batch 1 powder mixture ball milled at 73.20 W: (a) TieTiC interface with inset
showing the diffraction pattern obtained at the interface, (b) HRTEM image of the TieTiC interface shown in (a) with insets showing the diffraction patterns of Ti and TiC. (A colour
version of this ﬁgure can be viewed online.)
Fig. 13. Mechanical properties of the composites prepared from the Batch 1 and 2 powder mixtures: (a) Comparison of loadedisplacement curves for different sintered composites
of Batch 1 with a maximum indentation load of 5000 mN, (b) Comparison of mechanical properties obtained from the nanoindentation of Batch 1 composites, (c) Comparison of
loadedisplacement curves for different sintered composites of Batch 2 with a maximum indentation load of 5000 mN, and (d) Comparison of mechanical properties obtained from
the nanoindentation of Batch 2 composites. (A colour version of this ﬁgure can be viewed online.)
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reinforcement in TMCs has been extensively explored in previous
studies [8,9,30,37]. Despite the superior mechanical and thermal
properties, defects originate during the dispersion processing of
MWCNTs in the Ti matrix which introduce non-sp2 disorders in
their CeC network [12].
These defective sites are generally present in MWCNTs in theform of open edges and vacancies which become potential reactive
sites during the high temperature processing of the composites
[16,19]. In-situ formation of TiC is beneﬁcial in terms of developing a
strong matrix/reinforcement interface which enhances the load
carrying capabilities of the composites. In-situ formation of TiC
during HEBM is strongly depends on the characteristics and
morphology of the charged powders, milling environment and114
K.S. Munir et al. / Carbon 99 (2016) 384e397396other milling parameters, e.g., rotational speed, charged ball to
powder ratio (BPR), milling durations and milling intervals etc
[12,38]. High milling speeds, BPRs and content of carbon sources,
e.g., CNTs, graphite powders, carbon black etc., have been used in
previous studies to synthesize the nano-crystalline TiC via HEBM
[28,38e42]. However, as discussed earlier harsh conditions during
the dispersion processing of MWCNTs in the metal matrices induce
structural defects in their sp2 CeC network. Dispersion behaviour
of CNTs in the Ti matrix and their effects on the mechanical prop-
erties of the composites have been analysed in previous studies
using various approaches, e.g., mechanical mixing [16,30], high
energy ball milling [9,19], sonication assisted ball milling [19], and
surfactant coating [8,30]. However, in order to achieve an optimum
energy threshold required to achieve uniform dispersion of CNTs in
the metal matrices, it is equally essential to quantify the overall
impact energy transferred to the charged powders during the
dispersion processing. Quantiﬁcation of impact energy could be
beneﬁcial in determining the effects on the morphology, dispersion
behaviour, structural changes and on the crystallinity of MWCNTs.
The distribution of TiC and its mean particle size in the sintered
composites generally depends upon the dispersion of MWCNTs
achieved during the dispersion processing, e.g., HEBM [37]. The
strengthening mechanism in CNTs reinforced TMCs is generally
attributed to the formation of nano-crystalline TiC on the interface
of MWCNTs and Ti matrix. However, large particle size and large
volume fractions of thermally stable, tough, wear resistant and
hard in-situ formed TiC particles may deteriorate the ductility of
TMCs [43]. Previous studies showed that TMCs prepared with
0.35 wt.% MWCNTs addition resulted in in-situ formation of 1.8 mm
mean size TiC particles during consolidation stages of the com-
posites using spark plasma sintering (SPS) and hot extrusion [37].
The uniform dispersion of CNTs in the Ti matrix and formation of
ﬁne TiC particles at CNTs/Ti interface improved the mechanical
properties of TMCs [16,37]. These are in agreement with the ﬁnd-
ings obtained in the current study that a uniform distribution of in-
situ TiC particles with an average size of 1.88 mm signiﬁcantly
enhanced the mechanical properties of the composites; 73.20 W
milling energy was required to achieve the in-situ TiC formation
during HEBM in the preparation of the precursor powder mixture.
4. Conclusions
MWCNTs reinforced TMCs have been synthesized via powder
metallurgy route. TEM observations and Raman spectra analyses
identiﬁed the in-situ formation of nano-crystalline TiC particles at
higher milling energy. Themechanical properties of the composites
consolidated from the powder mixtures with in-situ TiC during
HEBM were signiﬁcantly enhanced. Homogenous formation of an
interfacial layer of TiC aroundMWCNTs during HEBM protected the
MWCNTs from undergoing further deterioration and interfacial
interactions with surrounding Ti matrix at high temperature
consolidation processing; whereas an inadequate dispersion due to
low milling energy, absence of an interfacial layer and severe
deterioration of MWCNTs triggered the formation of coarse TiC
particles during subsequent high temperature isothermal sintering.
The clustering of coarse TiC particles resulted in an undesired
interface and the formation of pores and cracks, leading to inade-
quate mechanical properties. The strengthening mechanism of
MWCNTs reinforced TMCs was attributed to the following
contributions:
 Homogeneous in-situ formation of nano crystalline TiC layers
around MWCNTs during ball milling at higher milling energy.
 Uniform distribution of ﬁne TiC dispersoids in the MWCNTs
reinforced TMCs resulted in a neat reinforcement/matrixinterface which enhanced the densiﬁcation of the composites
during isothermal heating.
 Formation of an interfacial layer of TiC around MWCNTs during
HEBM improved the load transfer capabilities of the composites.
The characteristic G band in the Raman spectra of consolidated
composites moved to higher wave numbers, showing the
effective stress transfer capacity of MWCNTs from the matrix.
These results indicate that in-situ formation of TiC during HEBM
exerts a positive strengthening effect on the as-sintered composites
as opposed to the composites prepared from the powder mixtures
without in-situ TiC during HEBM.
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Chapter Overview 
 
Recent studies on spark plasma sintering (SPS) of CNTs reinforced TMCs have 
revealed SPS as a promising thermo-mechanical consolidation technique to fabricate 
nano-composites with a relatively high density at a certain degree of oriented CNTs in 
the metal matrices. The effect of re-agglomeration of CNTs during SPS has been briefly 
discussed in Chapter 5. The aim of this chapter is to further investigate and determine 
the role of processing parameters of SPS of developed powder mixtures on the 
evolution of CNTs, interfacial interactions with surrounding Ti matrix, resultant 
microstructures, and their relationship with mechanical and nano-tribological properties 
of the fabricated composites. The results showed that severe agglomeration of CNTs 
occurred at elevated sintering temperatures which triggered and enhanced the in-situ 
interfacial reactions between defected CNTs and Ti matrix, eventually leading to 
gradual decline in compressive strength and tribological properties of the fabricated 
TMCs. 
This study is currently under review in Materials Science and Engineering: A. 
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Abstract 
 
The influence of various dispersion methods on the evolution of multi-walled carbon nanotubes 
(MWCNTs) in titanium (Ti) metal matrix composites (TMCs) prepared via spark plasma 
sintering (SPS) have been investigated. The synthesis procedures included sonication, high 
energy ball milling (HEBM), and rapid consolidation of powder mixtures at different sintering 
temperatures. The impact energy provided to the powder mixtures during HEBM process was 
optimized to disperse 0.5 wt. % MWCNTs into Ti matrix in two controlled ball milling 
processes: with and without in-situ formation of TiC during HEBM. The interfacial reactions 
between MWCNTs and Ti matrix were controlled by retaining the crystallinity and sp2 carbon 
network of the MWCNTs even at high sintering temperature of 800 C̊, which enhanced their 
compressive strength up to 1056 MPa with a compressive strain of 27.31%. The mechanical 
and tribological properties of the composites consolidated from the powder mixtures with in-
situ TiC formation during HEBM and pre-sonicated MWCNTs were significantly enhanced as 
opposed to the composites consolidated from the powder mixtures without formation of TiC 
during HEBM. 
 
Keywords: carbon nanotubes, high energy ball milling, spark plasma sintering, titanium 
matrix composites, microstructure, Raman spectroscopy. 
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1 Introduction 
 
The extraordinary specific strength and corrosion resistance of titanium (Ti) and its alloys 
advocate their use in the aerospace, automobile and chemical industries. Especially in 
chemical process industries, Ti is generally employed as a candidate material for pipes, 
valves, and flanges etc. [1, 2]. However, poor tribological properties of Ti limit its use in 
the tribosystems e.g., nuts, bolts, piping elbows etc. [3, 4]. This is mainly because of the 
low hardness and highly reactive nature of Ti which hinders its applications in the sliding 
contact mechanisms and other tribosystems which requires an additional expensive wear 
resistant coating and lubricants [5, 6]. Previous studies on the tribological properties of Ti 
and its alloys concluded that wear characteristics of α + β Ti alloys are the same as the 
commercially pure Ti (CP-Ti) [2].The extraordinary mechanical and thermal properties of 
multi-walled carbon nanotubes (MWCNTs) advocate their use as a promising 
reinforcement in metal matrix composites (MMCs). Light weight CNTs (~ 2 g/cm3) with 
large aspect ratios (~100-10,000) exhibit extraordinary high mechanical properties (e.g., 
Young’s modulus in the terapascal (TPa) range, strength up to 100 GPa),which make them 
an ideal reinforcement material for metal matrices [7-10]. Much research has been carried 
out to assess the strengthening mechanism of MWCNTs reinforced aluminium (Al) [11-13] 
and Ti [14-18]. The improvement in mechanical and thermal properties of CNTs reinforced 
MMCs are generally attributed to the effective load carrying capabilities, enhanced 
dispersion and wetting of hydrophobic MWCNTs with the hydrophilic metal matrices. 
MWCNTs reinforced titanium matrix composites (TMCs) have the potential to offer 
significantly enhanced elastic modulus, thermal conductivity and other tribological 
properties of interest [15, 19, 20]. Improvement in these properties is particularly attractive 
for weight savings in the aerospace, automotive and petrochemical industries through 
replacing the existing conventional materials. Recent developments in CNTs (0.35 wt.%) 
reinforced TMCs have shown significant enhancements in ultimate tensile strength and 
yield strength [14, 15]. The presence of sp2carbon-carbon (C-C) bonds in the MWCNTs 
imparts them excellent mechanical and thermal properties [21, 22]. In general, the superior 
properties and chemical stability of carbon nanotubes (CNTs) are attributed to the sp2 C-C 
bonds in their outer shells [22-24].  
In the synthesis of MWCNTs reinforced TMCs, achieving a uniform dispersion of 
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MWCNTs in the Ti metal matrix while retaining their sp2 carbon network is a key challenge 
[25, 26].  MWCNTs tend to agglomerate because of their nano-scale dimensions and the strong 
van der Waals (VDW) forces among individual tubes [27]. In order to solve the dispersion 
problem, high energy ball milling (HEBM) via powder metallurgy routes has emerged as an 
effective and economic technique to disperse MWCNTs in the metal matrices [7, 28]. 
However, it has been reported that harsh milling conditions produce defects in CNTs [18, 29, 
30]. These structural defects generate non-sp2 disorders in the C-C network of MWCNTs, 
leading to loss in their unique properties. Deterioration of the strong sp2 carbon network in 
MWCNTs results in the formation of vacancies and open edges in MWCNTs [31, 32]. The 
formation of highly reactive sp3 C-C amorphous phase is also capable of triggering interfacial 
reactions at the metal-reinforcement interface during ball milling, thus favoring the formation 
of carbides [33]. In metal matrix composites (MMCs), the matrix transfers the load to the 
reinforcement during loading. Consequently, the matrix-reinforcement interfaces play an 
important role in defining the resultant strengthening mechanism of the synthesised MMCs [34, 
35]. It is therefore important to retain the essential load-bearing capability of MWCNTs during 
the various processing stages [8, 25, 36]. Recent developments in MWCNTs reinforced MMCs 
have shown the formation and an effective contribution of interfacial products e.g., metal 
carbides, in the strengthening of such composites during the solid state sintering stages [1, 37, 
38]. However, contrary to this argument, recent work on Ti-MWCNTs composites by Wang et 
al. [39] elucidated the strengthening mechanism of MWCNTs without the formation of any 
interfacial products which was controlled by a rapid low temperature consolidation of the 
composites via spark plasma sintering (SPS). Apart from controlling the interfacial interactions 
during the sintering stages by altering the sintering parameters, previous studies have shown 
that interfacial interactions between MWCNTs and metal matrix during the mixing and high 
temperature consolidation stages can be controlled by considering the two factors: (i) 
preserving the structural integrity of MWCNTs, i.e., sp2 C-C network during the dispersion 
processing stages, and (ii) debundling the agglomerates of MWCNTs before mixing them with 
metal powders [17, 18, 40]. Ultra-sonication is one of the physical methods which have been 
adopted to break up large agglomerates of CNTs to achieve uniform dispersions [18, 41]. The 
de-bundling is attained through the interactions of the shock waves, produced by the sonicator, 
with the CNTs clusters in a dispersant medium, e.g., ethanol [42-48]. As a result, the dispersion 
and de-bundling of the CNTs are governed by the key sonication parameters including 
sonication time, sonication energy and intervals [49, 50]. The formation of open edges, 
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vacancies and defects in the side walls of CNTs constitutes the non-sp2 structural disorders 
in CNTs during ball milling, leading to a loss in their unique properties due to the 
conversion of sp2 to sp3 hybridized carbons [51]. Furthermore, collapse, buckling and 
flattening of inner and flattening of inner and side walls of MWCNTs have been reported 
previously when harsh ball milling conditions are employed [52].The formation of non-
sp2defects in the sp2C-C network of MWCNTs not only changes the morphology of the 
CNTs but may also downgrade their unique properties. It has been found that the load-
bearing capability of CNTs depends upon their tubular and structural integrity [53].Hence 
processing parameters should be optimized to achieve the optimal dispersion while 
retaining the tubular structure of MWCNTs with high aspect ratios [54]. CNTs experience 
severe bending stresses during HEBM and sonication but their ultra-high elastic modulus 
(~1 TPa) allows effective stress relief upon unloading. On the other hand if such severely 
stressed CNTs are embedded into the metal matrices during composite processing stages, 
then the residual stresses may lead to their breakage and the formation of a multi-layered 
graphite structure with a partial amorphous state [55, 56].  
To date, the influence of different powder processing techniques and process parameters 
during the consolidation stages on  the sp2 C-C network of MWCNTs and the resultant 
compressive and tribological properties of MWCNTs reinforced TMCs have not been 
adequately studied as yet. In this study, MWCNTs-Ti composites were synthesised using 
each of the following approaches; HEBM, sonication assisted HEBM, followed by 
consolidation via spark plasma sintering (SPS) at different temperatures. The interfacial 
interactions between MWCNTs and surrounding Ti matrix were controlled by adjusting the 
processing parameters and synthesis techniques thus favoring and inhibiting the formation 
of TiC. The evolution of the MWCNTs during different stages of processing and their 
dispersion mechanism in the Ti matrix was quantitatively studied. The morphological 
changes, dispersion mechanism of MWCNTs, and the formation of the crystalline phase of 
TiC in the powder mixtures and sintered composites were investigated in conjunction with 
their effect on the compressive and tribological properties of the composites. 
2 Experimental  
2.1 Starting materials 
 
MWCNTs powders (outer diameter (OD) = 10-35 nm, inner diameter (ID) = 3-10 nm, 
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Length (L) = 1-10 µm, purity > 90%) were used as the reinforcement material (Sun Nanotech 
Inc., China).Pure titanium (Ti) powder (99.7 % purity, average size = 20 µm) was used as the 
metal matrix (Atlantic Equipment Engineers, USA). Stearic acid (C18H36O2) with purity of 
99.99 % and ethanol (C2H5OH) with purity 99.8% were used as the process control agent 
(PCA) and dispersant solvent, respectively (Sigma-Aldrich, Australia). 
2.2 High energy ball milling (HEBM) 
 
Fig.1 shows the schematic illustration of the synthesis of MWCNT-Ti powder mixtures 
prepared in three batches. HEBM was carried out using a planetary ball mill (Retsch 400 M, 
Germany) to disperse 0.5 wt.% MWCNTs into the Ti matrix. Three batches of Ti-MWCNTs 
powder mixtures were prepared. The first batch (Batch 1) was prepared by ball milling of Ti 
powder with 0.5 wt.% MWCNTs for 4 h at a rotational speed (rpm) of 200 rpm. A small 
quantity of stearic acid (SA, 0.5 wt.%) was added to the charged powders in order to promote 
fracturing over cold welding of the powder particles and also the dispersion of MWCNTs in the 
Ti matrix. The starting powder mixtures were charged in stainless steel vials (500 ml, inner 
diameter (ID) =100 mm) with stainless steel balls of three different sizes (diameter (d) = 15, 10 
and 7 mm). The different sizes of the balls were used to avoid cold welding of powder particles 
and to increase the collision energy introduced into the powder particles [57, 58]. Ball to 
powder ratio (BPR) was maintained at 5:1. HEBM was carried out under high purity argon (Ar, 
99.99% purity) and at intervals of 30 min for 30 min of milling, in order to prevent samples 
from over-heating. The second batch (Batch 2) was prepared at relatively lower milling energy 
as compared to Batch 1 powder mixtures.  
 
Figure 1 Schematic illustration of synthesis techniques adopted for the fabrication of MWCNTs reinforced TMCs: (a) Batches 
1& 2, and (b) Batch 3. 
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Ball milling was carried out at 150 rpm for 2 h, while keeping the other milling parameters 
the same as those for Batch 1.The third batch (Batch 3) was prepared via solution ball 
milling (SBM) technique in four steps. In first step, Ti powder was ball milled with 0.5 
wt.% SA at 150 rpm for 1 h while keeping the other milling parameters same as of Batch 2. 
In the second step, as-received MWCNTs powders were dispersed in ethanol dispersant via 
ultra-sonication using a water bath for 3 min. Concentration of dispersant solvent was kept 
as 1 mL for 1 mg of powder.  In the third step, MWCNTs-Ti powder mixture was 
synthesised by ball milling of Ti-SA powder with pre-sonicated MWCNTs solution at 150 
rpm for 1 h. Finally in the fourth step, slurry of SBM synthesised powder mixture was 
dried in the vacuum oven (Thermo Fisher-scientific, Australia) overnight at 100 ̊C. In the 
synthesis of each batch, powder mixtures were collected in a glove box under an Ar 
atmosphere in order to prevent any atmospheric contamination.  
2.3 Thermo-mechanical consolidation of powder mixtures 
Ti-MWCNTs powder mixture of each batch (62 g) was loaded into a graphite die and then 
consolidated with SPS (model: KCE-FCT- HP D 25/4-SD, FCTSysteme GmbH). Solid 
state sintering process via SPS was carried out in two steps: (i) In order to remove any 
residual surfactants (SA) from the powder mixtures, temperature for SPS was set to 450 ̊C 
with a constant heating rate of 100 ̊C /min and held for 5 min. A pressure of 50 MPa was 
maintained under high vacuum environment. (ii) Finally, sintering temperature was raised 
to 800 ̊C and held for another 5 min while keeping the other sintering parameters the same. 
After holding at the predefined sintering temperature for 5 min, the thermo-mechanical 
load was removed by switching off the current and releasing the pressure. The sintered 
compact was then cooled down under Ar environment to room temperature. The 
dimensions of the sintered compacts were 28 mm in diameter and 24 mm in height. All 
three batches of Ti-0.5 wt. % MWCNTs powder mixtures were also sintered at 900 ̊C by 
keeping the other sintering parameters the same to evaluate the effect of sintering 
temperature. As-received Ti powder was also consolidated by SPS using the same sintering 
parameters. Outer surfaces of the sintered compacts were polished to remove any graphite 
contamination during the sintering process. The relative density of the sintered compacts 
was measured by Archimedes’ principle according to ASTM B962-15 standard.  
2.4 Characterisation of powder mixtures and consolidated compacts 
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The morphology and microstructure of the powder mixtures after different ball milling 
processes were observed by using scanning electron microscopy (FEI Nova NanoSEM) 
coupled with energy dispersive X-ray spectrometry (EDX) and transmission electron 
microscopy (TEM, JEOL 1010 & 2010). Surface of the sintered compacts were mirror polished 
to 0.05 µm finish and then the microstructure of sintered compacts was observed by using an 
optical microscope (Leica DM2500M with 3.1MP CCD) and SEM. Structural changes and 
crystalline phases in the powder mixtures and the consolidated compacts were characterised by 
using X-ray diffractometer (XRD, BrukerAXS D4 Endeavor) and Raman spectroscope (In-Via 
Raman microscope, RenishawPlc). As-received powders, ball milled Ti-MWCNTs powder 
mixtures and consolidated compacts were scanned by XRD using Cu-Kα (λ= 0.154 nm) 
radiation at a scanning rate of 1 º/min over the angular range of 20-90º. Reference intensity ratio 
(RIR) method was used to determine the relative weight fractions of in-situ synthesised TiC in 
the sintered composites. The RIR method semi-quantitatively determines the phases in the 
sintered composites by deconvoluting the XRD peaks [59, 60]. Raman spectra of the ball 
milled powder mixtures and sintered compacts were obtained using 514 nm laser at a laser 
power of 5.63 mW. At least 10 different positions of ball milled powder mixtures and sintered 
compacts were characterised by Raman spectroscope in the spectral range of 200-1800 cm-
1withan acquisition of 50s. The obtained Raman spectra were deconvoluted into two Gaussian 
peaks to obtain the intensity and corresponding positions of Raman peaks using the Wire 4.1 
software. 
2.5 Evaluation of mechanical and tribological properties of the composites 
 
The nano hardness and elastic modulus of the sintered batch 1, 2 and 3 composites were 
investigated using a Hysitron TI-950 TriboIndenter with a Berkovich diamond tip. Sintered 
compacts were mirror polished before the nano-indentation tests. A load of 5000 µN was 
applied linearly up to the maximum load in 10 s with a dwell time of 10 s followed by 
unloading in 10 s. For each sintered compact at least 9 indentations were performed in the form 
of 3 x 3 array on 3 different positions. The indentations were separated by 20 µm to avoid any 
residual stresses. Thermal drift was set to be ≤ 0.05 nm/s. The nano hardness and elastic 
modulus of the sintered compacts were evaluated using Oliver and Pharr method [61]. The 
compression tests were conducted at room temperature to investigate the compressive 
properties of the composites using a uni-axial 250 kN MTS servo hydraulic testing machine at 
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a constant strain rate of 1.0 x 10-3 s-1. The compressive yield strength (0.2% offset) and the 
compressive strain at failure were evaluated from typical stress-strain curves obtained from 
the compression tests of all sintered samples. The samples were 8 mm in diameter and 16 
mm in height. At least 3 samples were tested to report an average value. In order to 
investigate the tribological behavior of sintered compacts, nano-wear tests were conducted 
on a Hysitron TriboIndenter instrument with the methods described in previous studies [62, 
63]. The nano wear test included two main steps. Firstly, the indenter scanned the sample 
under a certain force of 1000 μN to perform wear on the top surface. An area of 10 x 10 
μm2 was scrapped by 5 sliding passes at peak force on at least 3 different positions on 
multiple sintered samples. A post-scan was then conducted on an area of 20 x 20 μm2 to get 
an image of worn surface with a reduced force of 2 μN. Wear volume was calculated by 
multiplying the wear area by the wear scar height. The height difference between the worn 
and unworn surfaces was calculated by TriboView software. 
3 Results and Discussion 
 
3.1 Dispersion and morphology of MWCNTs in Ti matrix  
 
Presence of strong van der Waals (VDW) forces, enormously high specific surface area 
(~250 m2/g), large aspect ratios (~100-3000) make MWCNTs tend to agglomerate and 
form large clusters. These high aspect ratios and surface area of MWCNTs enhance their 
load carrying capabilities but make them difficult to disperse in metal matrices. The 
morphology of as received MWCNTs and Ti powder particles is shown in Fig.2. MWCNTs 
are generally composed of adjacent tubes a diameter range of 10-30 nm held together by 
VDW forces (~ 100 eV/mm) [10]. Neighbouring carbon atoms in CNTs form strong 
covalent bonds with an inter-layer spacing of 0.380 nm. MWCNTs used in this study were 
synthesised by chemical vapour deposition (CVD) method, which is a well-established 
method for mass production of MWCNTs but it also leads to some defects in the 
synthesised MWCNTs [27]. Ti powder particles exhibited irregular shape (Fig. 2a); 
whereas large clusters were observed in the MWCNTs powder (Fig. 2b). Bundle of CVD 
grown MWCNTs is shown in the TEM image (Fig. 2c) with a slight disorder presented in 
the stacked nanotubes. High resolution transmission electron microscopy (HR-TEM) image 
(Fig. 2d) shows an individual MWCNT with inset showing its selected area electron 
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Figure 2 Morphology of starting powders:  a) SEM image of as-received Ti powder, b) SEM image of MWCNTs 
powder, (c) TEM image of MWCNTs bundle in as-received powder, and (d) HRTEM image of an individual 
MWCNT with inset showing selected area diffraction pattern obtained from MWCNT. 
diffraction pattern (SAED). An inter-layer spacing of 0.380 nm is present among stacked 
nanotube layers as shown in Fig. 2d. In order to develop a relationship between process 
parameters of any dispersion processing technique, e.g., HEBM and resultant dispersion of 
MWCNTs in the metal matrices, it becomes necessary to quantify the impact energy transferred 
to the charged powders. Previous studies on ball milling of Ti-MWCNTs powders have 
established an understanding that dispersion of MWCNTs by ball milling and accumulated 
defects in their sp2 C-C network are highly dependent on the total kinetic energy supplied to 
them which is also termed as an impact energy provided to the charged powders[17, 18]. Total 
impact energy transferred to the powder mixtures by HEBM can be calculated using [64]: 
Ek= �12mbVb2�        (1) 
where, Ek is the kinetic energy transferred to the charged powders, mb and Vb are the mass and 
the velocity of the milling balls, respectively.  
Where the velocity of milling balls, Vb, can be determined using [17, 64]: Vb2 = (R.Ω)2 + (r − rb)2.ω2. �1 + 2.ωΩ�     (2) 
 
where, R and Ω are the radius and angular speed (radians per sec) of a sun wheel disk of a 
planetary ball mill, respectively; r and rb are respective radii of milling vial and milling ball, 
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and 𝜔 is the angular speed of milling vial in radians per sec. 
Apart from dispersing MWCNTs directly into Ti  matrices via HEBM,  a previous study [18] 
showed that an appropriate sonication assisted ball milling results in minimum defect 
formation in MWCNTs, improved MWCNTs dispersion in the Ti matrix, and retaining the 
tubular morphology of the MWCNTs. An understanding was established that critical 
sonication parameters, e.g., sonication time, energy, dispersant medium and concentration of 
CNTs in the medium determine the efficiency of the debundling of CNTs. However, higher 
sonication energies introduce structural defects and disorders in sp2carbon-carbon network of 
CNTs [65]. Therefore, the optimum energy required for an adequate dispersion of MWCNTs 
can be determined using [66]: E = P × t
v
         (3) 
where, E is the sonication energy in J/ml, P is the output power of a sonicator in Watts, t is the 
sonication time in seconds and V is the total dispersant volume in ml to be sonicated.  
The impact energy values supplied to disperse MWCNTs in the Ti matrices were calculated for 
all three batches of samples, 73.20 W and 20.38 W for Batch 1 and Batch 2 charged powder 
mixtures and 13.34 W for Batch 3 powder mixtures prepared via SBM. The morphology of the 
Batch 1 Ti-MWCNTs powder mixtures is shown in Figs. 3a-d. Impact energy of 73.20 W 
resulted in in-situ formation of TiC [17, 18]. TiC exhibited a nanorods morphology which were 
uniformly dispersed and embedded in the Ti powder matrix as shown in Fig. 3c as confirmed by 
the selected area diffraction pattern obtained from the TiC nanorods as shown in inset of Fig. 
3d. The in-situ formation of TiC at the milling energy of 73.20 W was also complimented by 
Raman spectra obtained from the ball milled powder mixtures and will be discussed later. 
Furthermore, high milling energies and harsh milling conditions such as high ball to powder 
ratios (BPRs), high milling speeds and prolonged milling times adversely affect the graphitic 
structure of CNTs. This makes it challenging to achieve an adequate level of dispersion of 
CNTs in the metal matrices with minimum damage to their characteristic sp2 C-C network 
(graphitic structure) and tubular morphology [18]. The morphology of the Batch 2 Ti-
MWCNTs powder mixtures prepared at impact energy of 20.38 W is shown in Figs. 3e-h. The 
in-situ formation of TiC was not observed in the ball milled powder mixtures. Large clusters of 
MWCNTs were broken down into small clusters which were attached on the Ti particles as 
shown in Figs. 3e-f. The average size of MWCNTs agglomerates was measured as 2 µm. 
Previous studies on CNTs reinforced composites revealed that agglomerated CNTs do not 
provide a 3D network to demonstrate an efficient load-bearing capability of the CNTs as a
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 reinforcement [67]. 
Figure 3 SEM and TEM images of all three batches of ball milled Ti-MWCNTs powder mixtures: (a-d) Batch 1: (a) 
SEM image of powder mixture, b) TEM image of powder mixture, (c) TEM image showing TiC nanorods 
embedded in Ti matrix, (d) HR-TEM image showing nano crystalline TiC in defect zones of MWCNTs with 
an in-set SAED pattern from TiC zone. (e-h) Batch 2: (e) SEM image of powder mixture, (f) TEM image of 
powder mixture, (g) TEM image showing deformed MWCNTs in Ti matrix, (h) HR-TEM image showing 
defect zones in MWCNTs with an in-set SAED pattern from MWCNT.(i-l) Batch 3: (i) SEM image of powder 
mixture, (j) TEM image of powder mixture, (k) TEM image showing an individual MWCNT from powder 
mixture, (l) HR-TEM image showing defect free  MWCNTs with an in-set SAED pattern from MWCNT. 
Shortening and extensive deformation zones were observed in some MWCNTs, as shown in 
Fig. 3g. These defect sites, in the form of open edges and vacancies, constitute non-sp2 defects 
in the C-C system of MWCNTs which become potential sites for interfacial reactions during 
the powder consolidation. The increased non- sp2 content was quantified by Raman spectra 
collected from the ball milled powder mixtures and will be discussed later. Fig. 3h shows the 
deformation zone in an individual MWCNT with an in-set showing the diffraction pattern 
collected from the MWCNT. Figs. 3i-l show the morphology of the powder mixtures prepared 
by sonication assisted ball milling. Metal particles generally exhibit high surface energy which 
makes them highly reactive to any impurities or secondary phase particles on their surfaces 
[68]. In order to reduce the surface energy of Ti powder, stearic acid (SA) was added as a PCA 
to the Ti powder during ball milling. The chemical structure of SA generally consists of a 
hydrophilic head and a hydrophobic tail [40]. The hydrophilic head adheres on the 
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hydrophilic head and a hydrophobic tail [40]. The hydrophilic head adheres on the 
hydrophilic metal particle surface, lowers its surface free energy and prevents the cold 
welding of particles by introducing hydrophobic tails around them [40]. De-bundled and well 
dispersed MWCNTs were observed in the Ti matrix prepared via sonication assisted SBM 
technique as shown in Fig. 3i. MWCNTs dispersed in the powder mixtures prepared by SBM 
retained their characteristic tubular morphology and high aspect ratios as shown in Figs. 3j-k. 
In addition to an efficient dispersion and de-bundling of MWCNTs in the Ti matrix, SBM did 
not introduce extensive defects in MWCNTs as shown in Figs. 3k and 3l. It can be assumed 
that an energy density of 13.34 W provided to the charged powder mixtures via SBM was 
sufficient in overcoming the strong van der Waals forces (-100 eV) among the adjacent 
MWCNTs with minimum defects to their characteristic sp2 C-C structure. This was also 
confirmed by results of Raman spectroscopy and will be discussed later. 
3.2 X-ray diffraction (XRD) characterisation of the sintered composites 
 
Ball milled powder mixtures and sintered composites were characterised by XRD to study the 
structural changes and evolution of crystalline phases. Fig. 4 shows the XRD patterns of the 
starting powders and all three batches of powder mixtures samples containing 0.5 wt. % 
MWCNTs. Slightly broadened peaks corresponding to α-Ti were observed in the XRD patterns 
of the ball milled powder mixtures. Absence of MWCNTs peaks in the XRD patterns of ball 
milled powder mixtures are attributed to low weight fractions (0.5 wt. %) of MWCNTs used in 
this study. In addition to that, previous studies on XRD analysis of Ti and carbon powder 
mixtures show that it is hard to detect XRD peaks for carbonaceous materials which are mixed 
in the Ti powders. The major reason was the significant difference in the mass  absorption 
coefficient (for Cu Kα radiations) of Ti and carbon (C) which are 208 and 4.6 m2/g, respectively 
[69].  
The average Crystallite sizes of Ti all three batches of ball milled powder mixtures was 
measured using the Williamson-Hall equation shown [70]:  
𝒃 𝐜𝐨𝐬Ɵ =  𝟎.𝟗  
𝒅
𝝀 + 𝟐 𝜺 𝐬𝐢𝐧Ɵ     (4) 
where, b is the full width at half maximum (FWHM) of diffraction peak, Ɵ is the diffraction 
angle,  𝑑 is the crystallite size in nm, λ is the wave length (nm) of radiation used in 
diffractometer and Ɛ is the strain induced in the powder mixtures. 
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Our previous studies on Ti-MWCNTs powder mixtures evaluated the crystallite sizes of Ti 
powders which were ball milled with 0.5 wt.% MWCNTs at different milling energies [18]. 
The average crystallite sizes of the as-received Ti powder was measured as 43 nm, which was 
reduced to 16 nm in Batch 1 ball milled powder mixtures, showing 62% reduction in crystallite 
size. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4  XRD patterns of as-received Ti and MWCNTs powders and all three batches of ball milled Ti-0.5 wt. % 
MWCNTs powder mixtures. 
Previous studies on various alloys synthesised via ball milling showed that crystallite size of 
starting powders is inversely proportional to the milling energy but there is a cut-off where 
further increases in milling energies do not reduce the crystallite size [71]. Dispersed 
MWCNTs present on the Ti particles act as a heat sink because of their superior thermal 
properties, e.g., high thermal conductivity and low coefficient of thermal expansion, thus 
provide the pinning effect by prohibiting the grain growth of Ti particles. The average 
crystallite sizes of Ti in Batches 2 and 3 ball milled powder mixtures were measured as 32 nm 
and 13 nm, showing 26% and 70% reduction in crystallite size, respectively. It was assumed 
that agglomerates of MWCNTs on Ti particles in Batch 2 powder mixtures did not provide an 
efficient pinning effect as compared to Batch 1 and Batch 3 powder mixtures, where 
debundling and good dispersion of MWCNTs were observed. Fig.5 shows the XRD patterns of 
Ti and Ti- 0.5 wt. % MWCNTs composites prepared via SPS of as-received Ti and ball milled 
Ti-0.5 wt. % MWCNTs powder mixtures, respectively, at different temperatures. The XRD 
patterns of the sintered Ti and Ti-0.5 wt. % MWCNTs compacts showed sharp peaks α-Ti 
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peaks, as shown in Fig. 5a, while the XRD pattern of the sintered composite prepared from the 
Batch 1 powder mixtures revealed additional TiC peaks. Raman spectra collected from the 
sintered composites also revealed TiC peaks along with MWCNTs peaks which will be 
discussed later. XRD in conjunction with Raman analyses confirmed the presence of TiC phase 
in the sintered composites as shown in Fig. 5b. The TiC peaks in the XRD patterns were 
deconvoluted to semi-quantitatively measure the weight fractions of the in-situ TiC to be 1.1% 
in Batch 1 and 2.3 % in Batch 2 composites. It is assumed that in-situ formation of TiC around 
the open edges and deformed side walls of MWCNTs during HEBM of Batch 1 powder 
mixtures improved their wetting and interfacial bonding with the Ti matrix. Such exceptionally 
stable TiC phase in form of an interfacial layer around MWCNTs improves their dispersion in 
Ti matrix and prohibits or minimizes any drastic phase transformations among Ti and CNTs 
during the high temperature consolidation stages. TEM images of Batch 2 powder mixtures 
show high deformation zones in MWCNTs as shown in Figs. 3g-h. As discussed earlier such 
deformation sites, i.e., non-sp2defects trigger the interfacial reactions between the MWCNTs 
and surrounding Ti matrix. Raman spectra of Batch 2 sintered composites also revealed high 
defects to graphitization ratio in MWCNTs and will be discussed later. The XRD patterns of the 
Batch 3 sintered composites which were prepared from the powder mixtures via SBM did not 
reveal any TiC peaks as shown in Figs. 5a-b. TEM images (Figs. 3j-l) of SBM synthesised 
powder mixtures revealed limited defect concentrations in the MWCNTs. MWCNTs were well 
dispersed in the Ti matrix, retained their characteristic tubular morphology and high aspect 
ratios. Improvements in mechanical properties in CNTs reinforced TMCs are subjected to better 
dispersion and de-bundling of CNTs in the Ti matrix. As discussed earlier, an individual 
hydrophobic MWCNT in the Ti matrix not only acts as a heat sink because of a ultra-high 
thermal conductivity and low coefficient of thermal expansion but also provides a lubrication 
effect during the HEBM process [72]. It is assumed that the weight fraction of the TiC phase in 
the Batch 3 sintered composite was very low. This was complimented by Raman spectra of the 
Batch 3 sintered composite which revealed graphitized MWCNTs with less intense TiC peaks 
and will be discussed later. Figs. 5c-d show the XRD patterns of the three batches of Ti- 0.5 
wt.% MWCNTs samples sintered at 900 C̊. Raman spectra collected from the composites show 
increased defects as MWCNTs tend to re-agglomerate at high sintering temperatures and will 
be discussed later. Batch 1 composites sintered at 900 ̊C exhibited 1.4 wt. % TiC which shows 
an increase of 27% as compared to composites of same batch sintered at 800 C̊. Batch 2 
composites sintered at 900 ̊C exhibited 2.5 wt. % TiC, an increase of 8% as compared to 
composites of same batch sintered at 800 ̊C. Batch 3 composites sintered at 900 ̊C exhibited 2.1  
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wt. % TiC, whereas Batch 3 composites sintered at 800 ̊C did not reveal any TiC peaks. 
Previous studies on Ti-MWCNTs composites show that well-dispersed, de-bundled or freely 
standing MWCNTs in Ti matrix tend to re-agglomerate when consolidated via SPS [18].  This 
was complimented by results from Raman spectra collected from the composites sintered at 
900 ̊C which revealed increased defects in MWCNTs because of agglomeration and will be 
discussed later. 
 
Figure 5 XRD patterns of Ti-0.5 wt.% MWCNTs sintered composites of all three batches sintered at different 
temperatures : (a) Sintered at 800 °C , (b)  XRD peaks obtained in (a) in diffraction angle range of 30°-56° 
to show  relative intensity of TiC  peaks in sintered composites, (c)Sintered at 900 °C, and (d) XRD peaks 
obtained in (c) in  diffraction angle range of 30°-56° to show relative intensity of TiC  peaks in sintered 
composites. 
It is assumed that during the SPS at elevated temperatures, each individual MWCNT with in 
one agglomerate interacts with a neighboring MWCNT via friction, deformation or even 
impact. Since this is an interaction between hard MWCNTs, the energy absorbed by each 
agglomerate from SPS can be absorbed primarily by an individual MWCNT via the formation 
of non-sp2 structural defects. The increased defect concentration in MWCNTs may enhance the 
interfacial interactions with the surrounding Ti matrix. It is assumed that pre-agglomeration or 
re-agglomeration of MWCNTs during SPS process increases the defects in MWCNTs and 
enhance the interfacial interactions with surrounding Ti matrix.  
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3.3 Raman spectra of ball milled and sintered composites 
 
The strong sp2 C-C network in the outer shells of MWCNTs provides them superior mechanical 
and thermal properties. To exploit these extraordinary properties of MWCNTs as a 
reinforcement material in TMCs, it is necessary to avoid or minimize any defects or changes to 
this sp2 C-C network in MWCNTs. Quantitative evolution of MWCNTs during the processing 
stages of MWCNTs reinforced composites allows to optimize and develop an understanding of 
critical process parameters. As shown in Fig. 6a, Ti powder does not reveal any Raman peaks. 
This is mainly because Ti, like most of the other metals, does not possess Raman active 
vibrational modes [73]. This makes Raman spectroscopy exceptionally useful to characterize 
any carbonaceous materials present or intentionally dispersed in TMCs even in very low 
quantities. Raman spectra of as-received MWCNTs revealed two main graphitic peaks at 1343 
and 1575 cm-1, which correspond to the D band and G band, respectively. Raman spectra of 
MWCNTs also revealed a weak shoulder (D´ band) of characteristic G band at 1608 cm-1 
which is attributed to a first order double resonance of the defect and the disorder induced 
characteristic D band. In general this weak shoulder of G band is associated with 
circumferential atomic displacements in MWCNTs. The D band in MWCNTs is associated 
with defects in form of the non-sp2 disorders in C-C bonds of MWCNTs and G band is 
associated with the in-plane stretching mode of C-C bonds in MWCNTs, which can also be 
interpreted as degree of metallicity or crystallinity in graphitic materials [74]. The characteristic 
Raman peak intensity ratio of D and G bands (ID/IG) is generally used to quantitatively evaluate 
the quality and purity of CNTs. Previous studies showed that less intense and broadened G 
band shows the increased defect concentration in sp2 C-Cnetwork of MWCNTs [40, 75]. The 
characteristic intensity ratio (ID/IG) of as-received MWCNTs was measured about 0.80 in this 
study, indicating the dominance of sp2 C-C bonds over non-sp2 disorders. As shown in Fig. 6b, 
aside from the characteristic D band and G band , the Raman spectra of Batch 1 ball milled 
powder mixtures revealed additional peaks at  260, 418 and 605 cm-1, which correspond to the 
in-situ formed TiC and are consistent with the results reported in previous studies[76, 77]. TEM 
images (Figs. 3c-d) complimented that in-situ formation of TiC in the ball milled powder 
mixtures at higher impact energy of 73.20 W. Raman spectra were collected from multiple 
powder mixture samples at various positions to check the homogeneity of the crystalline phases 
presented in the samples. The ID/IG ratio of the powder mixtures was measured 1.34 (showing 
an increase of 67% than that of the as-received MWCNTs). The G band shifted to higher wave 
number of 1582 cm-1 which is attributed to the stress transferred to the MWCNTs from the 
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surrounding Ti matrix. The ID/IG ratio of MWCNTs in the Batch 1 composites sintered at 800 
°C via SPS was measured 1.41, showing an increase of 5% than that of ID/IG ratio of MWCNTs 
in powder mixtures, whereas it further increased to 1.49 for composites sintered at 900 °C 
showing an increase of 6% in the ID/IG ratio of MWCNTs by elevating the sintering 
temperature by 100 °C. These results imply that the majority of the non-sp2 structural defects in 
the MWCNTs were generated during the dispersion processing, i.e., ball milling. Batch 1 
composites sintered at 800 ̊C and 900 °C revealed additional TiC peaks at 260, 418 and 605 
cm-1 which compliment XRD results. Fig. 6c shows the Raman spectra of Batch 2 powder 
mixtures and their corresponding consolidated composites sintered at 800 and 900 °C. Aside 
from the characteristic D band and G band of un-reacted MWCNTs, Raman spectra of ball 
milled powder mixtures did not reveal additional TiC peaks. The ID/IG ratio of the MWCNTs in 
the powder mixtures was measured 1.43, showing an increase of 78% than that of as-received 
MWCNTs. This may be attributed to extensive loss of the crystallinity of the MWCNTs during 
the HEBM process. TEM images of ball milled powder mixtures also revealed extensive 
damages to MWCNTs as shown in Figs. 3f-h. The ID/IG ratio of MWCNTs in Batch 2 
composites sintered at 800 °C was measured 1.57, showing an increase of 10% than that of the 
MWCNTs in the powder mixtures; it further increased to 1.62 for the composites sintered at 
900 °C, showing an increase of 3% in ID/IG ratio of MWCNTs by elevating the sintering 
temperature by 100 °C.  Batch 2 powder mixtures were ball milled at low impact energy of 
20.38 W which was insufficient to disperse or de-bundle MWCNTs in the Ti matrix. It is 
assumed that pre-agglomerated MWCNTs before SPS resulted in more defect concentration in 
individual MWCNT due to friction experienced by individual MWCNT from the neighboring 
MWCNTs and surrounding Ti matrix during the SPS.  
Such defect sites may trigger and enhance the interfacial interactions between MWCNTs and 
Ti matrix.  Batch 2 composites sintered at 800 C̊ and 900 °C revealed additional Raman peaks 
corresponding to TiC which complement XRD results (Fig. 5). The Raman spectra of Batch 3 
powder mixtures (prepared via SBM) and their consolidated composites are shown in Fig. 6d. 
The Raman spectrum of the powder mixtures revealed Raman peaks associated with only 
unreacted MWCNTs at 1343 and 1575 cm-1, which corresponded to the D band and G band, 
respectively. The characteristic ID/IG ratio of the MWCNTs in the powder mixtures was 
measured 0.95, showing an increase of 18 % than that of as-received MWCNTs. SBM 
technique resulted in de-bundling and improved dispersion of MWCNTs in the Ti matrix as 
shown in Figs. 3i-l. 
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Figure 6 Raman spectra of starting powders, Ti-0.5 wt. % MWCNTs powder mixtures and their corresponding sintered 
composites of all three batches: a) as-received MWCNTs and Ti powders, b) Batch 1 powder mixture and sintered composites, 
c) Batch 2 powder mixture and sintered composites, and (d) Batch 3 powder mixture and sintered composites 
 
The ID/IG ratio of MWCNTs in the Batch 3 composites sintered at 800 °C was measured 1.07, 
showing an increase of 12% than that of the MWCNTs in powder mixtures. Raman spectra of 
the Batch 3 composites after SPS at 800 °C also revealed a few less intense TiC peaks. The 
ID/IG ratio of MWCNTs further increased to 1.11 in the composites sintered at 900 °C, showing 
an increase of 4% than that of the MWCNTs in the composites sintered at 800 °C. It is assumed 
that free standing and de-bundled MWCNTs in Ti matrix tend to re-agglomerate during high 
temperature processing stages such as SPS. This is in agreement with the results reported in the 
previous studies [18, 78]. Table 1 summarizes the ID/IG ratio of all the three batches at various 
processing stages of the TMCs. 
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Table 1 Effect of impact energy transferred to the charged Ti-MWCNTs powders during HEBM on the evolution of 
 MWCNTs, in-situ formation of TiC and relative density of sintered composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4 Microstructure of sintered Ti-MWCNTs composites 
 
Fig. 7 shows the SEM images of the composites consolidated, at different temperatures, from 
all three batches of ball milled Ti-0.5 wt. % MWCNTs powder mixtures. As-received CP-Ti 
powder was also consolidated with the same SPS parameters for control. SEM image of 
consolidated compact of CP-Ti sintered at 800 C̊ is shown in Fig. 7a. The average relative 
density of the sintered compact was measured 98.91%. SEM image (Fig. 7b) of the sintered 
composites prepared from the Batch 1 powder mixtures with 0.5 wt. % MWCNTs and sintered 
at 800 ̊C revealed the TiC dispersoids embedded in the Ti matrix. Microstructure observation 
revealed the absence of any microspores. Fine TiC particles were uniformly distributed in the 
Ti matrix. The average relative density of Batch 1 sintered composites consolidated at 800 ̊C 
was measured 99.89%.  
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Figure 7 SEM images of sintered CP-Ti and Ti-0.5 wt.% MWCNTs composites of all three batches consolidated via SPS at 
sintering temperatures of 800 and 900  ̊C: (a) CP-Ti compact sintered at 800  ̊C, (b) Batch 1 composite sintered at 
800 ̊C, (c) Batch 2 composite sintered at 800  ̊C, (d) Batch 3 composite sintered at 800  ̊C, (e) CP-Ti compact sintered 
at 900  ̊C, (f) Batch 1 sintered at 900  ̊C, (g) Batch 2 sintered at 900  ̊C, and (h) Batch 3 sintered at 900  ̊C. 
Fig. 8 shows the EDX spectrum collected from the TiC dispersoids embedded in the Ti matrix 
of Batch 1 sintered composites.  
Figure 8 TiC particle embedded in the TMC consolidated from Batch 1 Ti-MWCNTs powder mixture ball milled at milling 
impact energy of 73.20 W and sintered at 800 ̊C: (a) SEM image, (b) EDX spectrum of X position, and (c) EDX 
spectrum of Y position. 
Fig. 7c shows the SEM image of the sintered composites prepared from the Batch 2 powder 
mixtures (Ti-0.5 wt. % MWCNTs) and consolidated at 800 ̊C. Clustering of TiC particles was 
observed around the agglomerated MWCNTs in the sintered composite. Agglomeration of 
MWCNTs increased the defects in their sp2 C-C structure which triggered the formation of the 
TiC as suggested by results from XRD and Raman spectroscopy. Microstructure of the sintered 
composite also revealed micro pores and cracks in the vicinity of coarse TiC particles which 
show a weak bonding of MWCNTs and TiC particles with surrounding Ti matrix. Such weak 
interface in the form of cracks and micro pores may be attributed to that thermal mismatch 
between Ti matrix and large cluster of un-reacted MWCNTs/TiC particles. Previous studies 
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suggest that the formation of coarse TiC dispersoids in the Ti matrix is generally due to 
insufficient dispersion of MWCNTs in the Ti powders during the dispersion processing stages 
[80]. Coarse TiC particles with un-reacted agglomerated MWCNTs in Ti matrix may lead to 
crack initiation sites under the loading conditions. [17, 38]. The average relative density of the 
Batch 2 sintered composites consolidated at 800 ̊C was measured 97.73%. The microstructure 
of Batch 3 composite sintered at 800 ̊C is shown in Fig. 7d. The SEM image shows a surface 
with minimum defects and few pores; as agglomerates of MWCNTs were found in the Ti 
matrix. Previous studies on SBM synthesised MWCNTs-Ti composites elucidated that 
functionalized MWCNTs tend to re-agglomerate in some regions of the composite during the 
SPS process [18]. Distribution of a few fine TiC particles in the Ti matrix was also observed. 
The average relative density of Batch 3 sintered composites consolidated at 800 ̊C was 
measured 99.80%.  
Fig. 7e shows the SEM image of the consolidated compact of CP-Ti sintered at 900 ̊C. The 
average relative density of the sintered compact was measured 99.89%. SEM image (Fig. 7f) of 
the sintered composites prepared from Batch 1 powder mixtures sintered at 900 ̊C, revealed the 
coarser TiC dispersoids embedded in the Ti matrix with a few regions of composites, showing 
re-agglomeration behavior of un-reacted MWCNTs at higher temperature. The average relative 
density of Batch 1 sintered composites consolidated at 900 ̊C was measured 98.12%. Rapid 
heating rates and high sintering temperatures during SPS further results in poor homogeneity in 
sintered composites as the liquid flow is minimized by applied pressure and short sintering 
cycles, which may result in formation of defect zones in form of pores and cracks in the 
composite. SEM image (Fig. 7g) of the sintered composites prepared from Batch 2 powder 
mixtures and sintered at 900 ̊C revealed large pores, cracks and defects in the regions of re-
agglomerated and unreacted MWCNTs. This may be attributed to the significant agglomeration 
of MWCNTs at higher temperature of 900 ̊C, which resulted in coarser hard TiC particles in the 
vicinity of agglomerated MWCNTs. Relative weight fractions of TiC obtained from XRD 
(Figs. 5c-d) also revealed that TiC content in the composites increased at elevated sintering 
temperature of 900 ̊C. Raman spectra (Figs. 6b-d) from the composites (sintered at 900 ̊C) also 
revealed increased non-sp2 defects in MWCNTs. The average relative density of Batch 2 
sintered composites consolidated at 900 ̊C was measured 95.67%, which was 2.10 % less than 
that of composites sintered from the powder mixtures of the same Batch at 800 ̊C. It is assumed 
that the pre-agglomerated MWCNTs in the Ti powders and the additional agglomeration during 
the SPS process may resulted in their poor wetting with Ti matrix. Formation of large pores,  
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cracks and defects in agglomerated MWCNTs-Ti composites are mainly because of the huge 
thermal mismatch of MWCNTs clusters with the surrounding Ti matrix. SEM image (Fig. 7h) 
of the sintered composites prepared from Batch 3 powder mixtures prepared via SBM with 0.5 
wt. % MWCNTs and sintered at 900 ̊C also revealed pores, cracks and defect in the vicinity of 
re-agglomerated MWCNTs. XRD patterns (Figs. 5c-d) collected from the composites of Batch 
3 powder mixtures sintered at 900 ̊C also revealed intense peaks corresponding to in- situ 
formed TiC. The average relative density of Batch 3 sintered composites consolidated at 900 ̊C 
was measured 97.68 % which was 2.12 % less than that of composites sintered from the powder 
mixtures of same Batch at 800 ̊C. Re-agglomeration of functionalized MWCNTs in SBM 
synthesised powder mixtures was observed in the composites sintered at 800 ̊C along with few 
pores and defects as shown in Fig. 7d. It is assumed further increase in the sintering temperature 
by 100 ̊C resulted in extensive agglomeration of MWCNTs in the sintered composites which 
also triggered the non sp2 defects and subsequent formation of interfacial products of TiC as 
complimented by XRD patterns (Fig. 5d) and Raman spectra (Fig. 6d). It is assumed that at 
elevated sintering temperature during SPS, thermal diffusivity of CNTs increases in 
surrounding Ti matrix possessing higher coefficient of thermal expansion than reinforced 
CNTs. Raman spectra of CNTs reinforced TMCs sintered at 900 C̊ also revealed increased 
structural disorders in CNTs (Figs. 6b-d) which may be attributed to interaction of CNTs with 
neighbouring CNTs during thermo-mechanical processing during SPS which triggered their 
aggregation at elevated sintering temperatures. Disordered CNTs with open edges and broken 
site walls become more reactive and hold string affinity for a covalent bonding with 
neighbouring carbon atoms in CNTs thus trigger agglomeration. Fig. 9 shows the SEM images 
and the elemental mapping of MWCNTS and Ti in the composites prepared from the Batch 1, 2 
and 3 powder mixtures and sintered at 800 ̊C. Fig. 9a shows the SEM image of Batch 1 sintered 
composite and corresponding elemental maps of Ti and C.  Better dispersion of MWCNTs in 
the sintered composite was observed with TiC particles embedded in the Ti matrix. Fig. 9b 
shows the SEM image of Batch 2 sintered composite and corresponding elemental maps of Ti 
and C.  SEM image showed pore and defects in the vicinity of agglomerated MWCNTs. 
Compared to distribution of MWCNTs in Batch 1 sintered composites, Batch 2 composite 
revealed insufficient distribution of MWCNTs in Ti matrix. Fig. 9c shows the SEM image of 
Batch 3 sintered composite and corresponding elemental maps of Ti and C.  Few pores and 
defects in the vicinity of agglomerated MWCNTs were observed. Compared to distribution of 
MWCNTs in Batch 1 sintered composites, Batch 3 composite revealed aggregated MWCNTs 
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in Ti matrix as well. Fig. 10 shows the SEM  images and the corresponding elemental maps of 
MWCNTS and Ti in the composites prepared from the Batch 1, 2 and 3 powder mixtures and 
sintered at 900 ̊C. Fig. 10a shows the SEM image of Batch 1 sintered composite and 
corresponding elemental maps of Ti and C.  Re-agglomeration of MWCNTs in the sintered 
composite was observed with coarse TiC particles embedded in the Ti matrix. Fig. 10b shows 
the SEM image of Batch 2 composite sintered at 900 ̊C andcorresponding elemental maps of Ti 
and C. Large pores and defects in the vicinity of agglomerated and unreacted MWCNTs were 
observed. Compared to distribution of MWCNTs in Batch 1 composites sintered at 900 ̊C, 
Batch 2 composite revealed insufficient distribution and severe agglomeration of MWCNTs in 
the Ti matrix. Fig. 10c shows the SEM image of Batch 3 composite sintered at 900 ̊C and 
corresponding elemental maps of Ti and C.   
 
 
 
 
 
 
 
 
 
 
 
Figure 9  EDX mapping of the elemental distribution of the composites prepared from the Ti-0.5 wt. % MWCNTs   powder 
mixtures of batches 1, 2 and 3 sintered at 800  ̊C: (a) Batch 1- SEM image along with elemental maps of Ti and C, (b) Batch 2- 
SEM image along with elemental maps of Ti and C, and (c) Batch 3- SEM image along with elemental maps of Ti and C. 
Pores and defects in the vicinity of re-agglomerated and unreacted MWCNTs. As discussed 
earlier, pre-agglomeration before the SPS and re-agglomeration during the high temperature 
sintering process result in the formation of pores and cracks in the sintered composites. 
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Figure 10 EDX mapping of the elemental distribution of the composites prepared from the Ti-0.5 wt. % MWCNTs   powder 
mixtures of batches 1, 2 and 3 sintered at 900  ̊C: (a) Batch 1- SEM image along with elemental maps of Ti and C, (b) 
Batch 2- SEM image along with elemental maps of Ti and C, and (c) Batch 3- SEM image along with elemental maps 
of Ti and C. 
3.5 Mechanical properties of sintered composites 
 
Fig. 11a shows the compressive stress-strain curves of the TMCs prepared from the powder 
mixtures of all three batches containing 0.0-0.5 wt. % MWCNTs and sintered at 800 ̊C.  In-set 
shows the representative images taken from the samples before and after the compression tests. 
The yield strength and compressive strain at rupture for sintered compact of CP-Ti was 
measured as 737.00 ± 10.00 MPa and 39.21 ± 0.52%, respectively as shown in Fig. 11b. 
Compressive yield strength and compressive strain at rupture of Batch 1 composite containing 
0.5 wt. % MWCNTs and sintered at 800 ̊C was measured 1028.00 ± 13.00 MPa and 33.41 ± 
1.41%, respectively. This shows an improvement of 39 % in compressive yield strength than 
that of CP-Ti, by dispersing only 0.5 wt. % MWCNTs in the Ti matrix by favoring the in-situ 
formation of TiC during the HEBM process. It can also be seen that Batch 1 sintered composite 
exhibited considerable plastic deformation ability with an ultimate compressive strain of 
33.41% which was only reduced by 5.8% as compared to compressive strain of CP-Ti compact.  
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Compressive yield strength and compressive strain at rupture of Batch 2 composite containing 
0.5 wt. % MWCNTs and sintered at 800 ̊C was measured 885.00± 10.00MPa and 28.82 ± 
0.85%, respectively. The average compressive yield strength was 14% lower than that of 
composites prepared from batch 1 powder mixtures and sintered under same conditions. The 
microstructure (Fig. 7c) of Batch 2 composites revealed coarser TiC dispersoids in the vicinity 
of agglomerated MWCNTs which resulted in formation of defects in form of cracks and pores. 
Compressive yield strength and compressive strain at rupture of Batch 3 composite containing 
0.5 wt. % MWCNTs and sintered at 800 ̊C was measured 1056.00 ± 14.00 MPa and 27.31 ± 
0.41%, respectively. This shows an improvement of 43% in compressive yield strength than 
that of CP-Ti, by preserving the sp2 C-C structure of MWCNTs during the dispersion 
processing. It is evident that the dispersion processing parameters and the impact energy 
provided to the charged powders during the dispersion processing, play a critical role in 
controlling the in-situ interfacial reactions, dispersion and sub-sequent sp2 carbon structure of  
MWCNTs. All three batches of the sintered composites, containing 0.5 wt.% MWCNTs, 
revealed improvements in compressive yield strength, however when a ranking in terms of an 
average compressive strength is made, the composites are ranked as; Batch 3>Batch 1>Batch 2. 
Fig. 11c shows the compressive stress-strain curves of the compact of CP-Ti and composites of 
all three bathes consolidated at higher sintering temperature of 900 ̊C. In-set shows the 
representative images taken from the samples before and after the compression tests. The yield 
strength and compressive strain at rupture for sintered compact of CP-Ti was measured as 
609.00 ± 12.00 MPa and 34.64 ± 0.80%, respectively, as shown in Fig. 11d. The compressive 
yield strength was 14% lower than that of CP-Ti compacts sintered at 800 ̊C, which may be 
attributed to the excessive grain growth in Ti matrix during the re-crystallization stages at 
elevated sintering temperatures. Compressive yield strength and compressive strain at rupture 
of Batch 1 composite containing 0.5 wt. % MWCNTs and sintered at 900 ̊C was measured 
802.00 ± 13.00 MPa and 31.30 ± 1.41%, respectively. The average compressive yield strength 
was reduced by 22% as compared to the composites prepared from the powder mixtures of the 
same batch (Batch 1) and sintered at 800 ̊C. This may be attributed to significant agglomeration 
of un-reacted MWCNTs at elevated sintering temperatures as shown in Figs. 7f and 10a. 
Raman spectra (Fig. 6b) also revealed increased non-sp2 defects in MWCNTs by increasing the 
sintering temperature to 900 ̊C. Compressive yield strength and compressive strain at rupture of 
Batch 2 composite containing 0.5 wt. % MWCNTs and sintered at 900 ̊C was measured 777.00 
± 10.00 MPa and 30.85 ± 2.46%, respectively. The average compressive yield strength was 3% 
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lower than that of composites prepared from. The average compressive yield strength was 3% 
lower than that of composites prepared from batch 1 powder mixtures and sintered under same 
conditions. 
 
Figure 11  Compressive Stress-strain curves along with average values of compressive yield strength and 
compressive strain obtained from the compression tests of composites prepared from powder mixtures of 
all three batches containing 0.5 wt.% MWCNTs and sintered at different temperatures: (a) Ti-0.5 wt.% 
MWCNTs composites sintered at 800  ̊C, (b)  Average values of compressive yield strength and strain 
obtained from (a), (c) Ti-0.5 wt.% MWCNTs composites sintered at 900  ̊C, and (d) Average values of 
compressive yield strength and strain obtained from (c). 
 
Microstructures (Figs. 7g and 10b) of the sintered composites revealed large pores and defects 
in the vicinity of agglomerated MWCNTs. This may be attributed to severe agglomeration of 
un-reacted MWCNTs which increased at elevated sintering temperature of 900 ̊C. Compressive 
yield strength and compressive strain at rupture of Batch 3 composite consolidated at 900 ̊C 
was measured 861.00 ± 11.00 MPa and 31.28 ± 1.24%, respectively. The compressive yield 
strength of Batch 3 composites was measured 18% lower than that of composites of the same 
Batch sintered at temperature of 800 ̊C. Microstructures of Batch 3 composites (Fig. 7h) 
exhibited large pores in the vicinity of re-agglomerated MWCNTs. Re-agglomeration of de-
bundled and well dispersed MWCNTs in the Ti matrix resulted in increased TiC content as 
complimented by XRD patterns (Fig. 5d) and Raman spectra (Fig. 6d) collected from the 
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sintered composites. All three batches of the composites sintered at 900 ̊C, containing 0.5 wt.%  
MWCNTs, revealed improvements in compressive yield strength, however when a ranking in 
terms of an average compressive strength is made, the composites are ranked as; Batch 
3>Batch 1>Batch 2. It can be seen that, agglomeration of MWCNTs in the Ti matrix adversely 
affect the mechanical properties of the composites. This is in agreement with the results 
reported by Wang et al.[39] in which compressive strength of the MWCNTs reinforced TMCs 
was adversely affected due to high concentrations of MWCNTs (~ 0.8 wt. %) in the Ti matrix 
which was attributed to their agglomeration during SPS. It can be concluded that dispersion 
techniques and impact energy provided to charged powders govern the resultant physical and 
mechanical properties of the composites, whereas, severe re-agglomeration  of MWCNTS 
adversely affects the microstructure and mechanical properties of consolidated composites. The 
compressive properties of all sintered composites are listed in Table 2 and compared with the 
results reported in previous studies. 
Table 2 Comparison of compressive properties of TMCs containing 0.5 wt. % MWCNTs and consolidated via SPS at different  
sintering temperatures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.6 Fracture morphology of composites 
 
Fig. 12 shows the fracture surfaces of the TMCs containing 0.5 wt. % MWCNTs and sintered 
at different temperatures after the compression testing. Figs. 12a-c show the fracture surfaces of 
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TMCs sintered at 800 C̊. Fracture surface of Batch 1 TMCs (Fig. 12a) revealed characteristic  
fine shallow dimples showing the ductile failure. Some unreacted MWCNTs were found in the 
dimples with a fine TiC layer around them as shown in the inset of Fig. 12a. The fracture 
surface of Batch 2 TMCs (Fig. 12b) revealed cluster of unreacted MWCNTs along with TiC 
particles. Main fracture mode of Batch 2 TMC was cleavage of Ti matrix. As indicated by 
black arrow, crack initiation sites were characterised as transgranular facets in TiC particles and 
vicinity of unreacted MWCNTs clusters. Fig. 12c shows the fracture surface of Batch 3 TMC. 
Well dispersed and de-bundled MWCNTs were observed in the Ti matrix with some re- 
agglomerated MWCNTs. The fracture mode of Batch 3 TMCS was characterised by pull-out of 
MWCNTs from the Ti matrix and resultant cleavage of Ti matrix. MWCNTs in Batch 3 TMCs 
exhibited a bridging effect as shown in the inset of Fig. 12c. The fracture surfaces of high 
strength MWCNTs showed their improved bonding with the surrounding Ti matrix which 
subsequently improved the compressive strength of the TMCs. It is evident that retaining the 
sp2 structure in MWCNTs during the dispersion processing, enhances their load-carrying 
capabilities. A few MWCNTs with peeled off inner walled CNTs were observed as indicated 
by red arrows in the inset of Fig. 12c.The fracture surfaces of TMCs sintered at 900 °C are 
shown in Figs. 12d-f.  Fracture surface of Batch 1 TMCs (Fig. 12d) revealed some dimples.  
Figure 12 Fractured morphology of compressed 0.5 wt. % MWCNTs reinforced TMCs prepared from powder mixtures of 
  Batch 1, 2 and 3: (a) Batch 1 sintered at 800  ̊C, (b) Batch 2 sintered at 800  ̊C, (c) Batch 3 sintered at 800  ̊C, (d) 
  Batch 1 at 900  ̊C, (e) Batch 2 sintered at 900  ̊C, and (f) Batch 3 sintered at 900  ̊C. 
However, some unreacted MWCNTs were found in the core of TiC particles dispersed in the Ti 
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matrix which showed crack initiation sites in the intergranular facets. Fracture surface of Batch 
2 TMCs (Fig.12e) revealed typical river markings on cleavage facets. Coarse TiC particles 
were observed in the fractured surface as indicated by red arrows leading to trigger the crack 
initiation sites showing as transgranular facets as indicated by black arrows. Compared to Batch 
3 TMCs sintered at 800 °C, fracture surface of the same Batch of TMCs sintered at 900 °C, 
revealed re-agglomerated MWCNTs along with TiC particles which lead to crack initiation 
sites in transgranular facets as indicated by black arrows. Severe agglomeration of MWCNTs in 
Batch 3 composites triggered the defect concentration in MWCNTs as suggested by Raman 
spectra (Fig. 6d) collected from the composites and resulted in their interfacial reactions with 
surrounding Ti matrix.  
Fig. 13 shows the typical loading-unloading curves obtained from the nano indentation of 
TMCs prepared from the powder mixtures of all three batches and consolidated at different 
temperatures. Oliver and Pharr method [61] was used to evaluate the nano hardness and elastic 
modulus of the sintered composites. The nano-hardness and elastic modulus values measured 
from the nanoindentation of CP-Ti sample sintered at 800 ̊C were 4.05±1.20 GPa and 
105.69±5.31GPa, respectively. Figs. 13a-b show the load-displacement curves and resultant 
mechanical properties of the composites prepared from the Batch 1, 2 and 3 powder mixtures 
sintered at 800 ̊C, respectively. The sintered composites prepared from the Batch 1 powder 
mixtures revealed 155 % increase in the nano hardness and 55 % increase in the elastic 
modulus as compared to sintered CP-Ti. This may be attributed to presence and dispersion of 
TiC nanorods in the Ti matrix, as shown in the TEM images (Figs. 3c-d). The Raman spectra 
(Fig. 6b) revealed in-situ formation of TiC during HEBM which was homogenously distributed 
in the matrix at higher impact energy of 73.20 W. The sintered composites prepared from the 
Batch 2 powder mixtures revealed 98% increase in the nano hardness and 21% increase in the 
elastic modulus as compared to the sintered CP-Ti. However, agglomeration of MWCNTs was 
found in the microstructure of sintered composites as shown in Figs. 7c and 9b, which resulted 
in the formation of coarse TiC particles. The sintered composites prepared from the Batch 3 
powder mixtures prepared via SBM revealed 84 % increase in the nano hardness and 27 % 
increase in the elastic modulus as compared to the sintered CP-Ti. The nano hardness and 
elastic modulus values measured from the nanoindentation of the CP-Ti at 900 ̊C were 4.28 ± 
1.01GPa and 102.35 ± 10.45 GPa, respectively. Figs. 13c-d show the load-displacement curves 
and resultant mechanical properties of the composites consolidated from all three batches of 
powder mixtures at temperature of 900 ̊C, respectively. The sintered composites prepared from 
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the Batch 1 powder mixtures revealed a 118 % increase in the nano hardness and 49 % increase 
in the elastic modulus as compared to sintered CP-Ti. As discussed earlier, consolidation at 
higher temperature resulted in coarse TiC particles and agglomeration of MWCNTs as shown in 
Figs.7f and 10a. However, re-agglomeration of MWCNTs in Batch 1 sintered composites was 
lower than that of Batch 2 and 3 composites sintered at elevated temperature of 900 ̊C. The 
sintered composites prepared from the Batch 2 powder mixtures revealed a 89 % increase in the 
nano hardness and 22 % increase in the elastic modulus as compared to compact of CP-Ti 
sintered at 900 ̊C. Microstructures of Batch 2 composites revealed severe agglomeration of 
MWCNTs resulted in coarser TiC particles, formation of cracks and pores as shown in Figs. 7g 
and 10b. The sintered composites prepared from the Batch 3 powder mixtures sintered at 900 ̊C 
revealed 88 % increase in the nano hardness and 28 % increase in the elastic modulus as 
compared to CP-Ti sintered under same conditions. Microstructures of Batch 3 composites 
revealed severe re-agglomeration of MWCNTs resulted in coarse TiC particles, formation of 
cracks and pores as shown in Figs. 7h and 10c. These results show that agglomeration of 
MWCNTs in the Ti matrix adversely affect the microstructure and resultant mechanical 
properties of the TMCs.  
Figure 13 Mechanical properties of the composites prepared from the Batch 1,2 and 3 powder mixtures containing 0.5 wt.% 
MWCNTs and consolidated at different sintering temperatures: (a) Comparison of load-displacement curves for 
sintered composites of Batch 1, 2 and 3 containing 0.5 wt.% MWCNTs and sintered at 800  ̊C, (b) Comparison of 
mechanical properties obtained from the nanoindentation of Ti-0.5 wt.% MWCNTs composites sintered at 800  ̊C , 
(c) Comparison of load-displacement curves for sintered composites of Batch 1, 2 and 3 containing 0.5 wt.% 
MWCNTs and sintered at 900 ̊C, (d) Comparison of mechanical properties obtained from the nanoindentation of Ti-
0.5 wt.% MWCNTs composites sintered at 900  ̊C. 
147 
  
Chapter 7 Compressive and nano-wear behavior of carbon nanotubes reinforced 
titanium matrix composites fabricated via spark plasma sintering 
  
3.7 Nano-wear behavior of sintered composites 
 
Nano-tribological studies are advantageous in determining the interfacial phenomena in nano-
structured materials [81]. Fig. 14 shows the typical surface topographies of sintered composites 
after 5 cycles of wear scans under 1000 µN load along with corresponding hardness maps of 
the surfaces collected from nano-indentation tests, which show the relative distribution of 
hardness in the sintered composites. The nano-wear mechanism via the indenter tip is carried 
out in two processes: first, indentation in the composite's normal direction which leads to 
plastic deformation of the composite material, and secondly, by translation of the indenter tip in 
the sliding direction which cause the removal of material from the surface due to abrasive wear 
[82]. Fig. 14a shows the wear scar obtained on the CP-Ti sintered at 800 ̊C. The wear volume 
was measured as 5.80 ± 0.50 µm3. The material removal during the wear tests resulted in the 
generation of wear debris and piles-ups around the worn areas due to plastic which may be 
attributed to the deformation of the materials during a typical two-body abrasive wear 
mechanism. Fig. 14b shows the surface morphology along with its corresponding hardness map 
of Batch 1 composite sintered under same conditions.  The worn volume was measured 1.70 ± 
0.30µm3, which shows 71% reduction in the worn volume as compared to wear volume of CP-
Ti. This may be attributed to the uniform distribution of hard MWCNTs and TiC particles in 
the Ti matrix which resulted in enhanced hardness (155%) and elastic modulus (55%) of the 
composite than that of CP-Ti. These results are in agreement with the previous studies [83] on 
the nanoindentation and nano-scratch behaviors on Ti substrates containing carbon and TiC 
phases which elucidated that higher hardness and elastic modulus correspond to a higher elastic 
recovery during indentation testing. Wear rates (µm3/cycle) for the sintered composites were 
estimated by dividing the worn volume by number of cycles used during the wear scanning. 
Elastic recovery during in indentation testing can be evaluated from residual and maximum 
indentation depths by using [83] :  
  𝐸.𝑅 = �1 −  ℎ𝑓
ℎ𝑚𝑎𝑥
�     (5) 
where, ER is elastic recovery, hf  is the residual indentation depth and hmax is the maximum 
indentation depth obtained during the indentation tests. 
The worn volume of Batch 2 composites sintered under same SPS conditions was measured as 
3.86 ± 0.35 µm3. The worn scar exhibited irregular surface as shown in Fig. 14c. This may be 
attributed to inadequately dispersed MWCNTs in the Ti matrix which resulted in formation of  
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Figure 14Nano-wear scans and corresponding 3D hardness plot of composites sintered at 800  ̊C and 900  C̊: (a) CP-Ti sintered 
at 800  ̊C, (b) Batch 1 sintered at 800  C̊, (c) Batch 2  sintered at 800  C̊, (d) Batch 3 sintered at 800  C̊, (e) CP-Ti 
sintered at 900  C̊, (f)Batch 1 sintered at 900  C̊, (g)Batch 2 sintered at 900  C̊, and (h)Batch 3 sintered at 900  C̊. 
 
the coarser TiC particles with cracks initiating sites as discussed earlier. 
Fig. 14d shows the surface morphology along with its corresponding hardness map of Batch 3 
composite sintered under same SPS conditions. The worn volume was measured 1.73 ± 0.45 
µm3, which shows 70% reduction in the worn volume as compared to wear volume of CP-Ti. 
Batch 1 and Batch 3 exhibited improved wear resistance as compared to Batch 2 composites 
sintered under same SPS conditions which may be attributed to enhanced stiffness due to 
uniformly distributed TiC phase and CNTs in the composites, respectively. Similar nano wear 
behavior was found in the Batch 1, 2 and 3 composites sintered at 900 ̊C. The agglomeration of 
MWCNTs, formation of coarse TiC dispersoids and cracks adversely affected the wear 
behavior of the composites. Table 3 summarizes the mechanical and tribological properties of 
the composites as evaluated from the indentation and nano wear tests of the composites sintered  
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Table 3 Comparison of mechanical and nano-wear properties of TMCs consolidated at different temperatures via SPS. 
 
 
 
 
 
 
 
 
 
 
 
 
at 800 ̊C and 900 ̊C.  
Fig. 15 shows the process map based on the results of this study which shows the evolution of 
MWCNTs during the various processing parameters selected for the fabrication of MWCNTs 
reinforced TMCs. Such quantitative study of these processing parameters for the fabrication of 
MWCNTs reinforced TMCs can be helpful to synthesize high strength TMCs with optimized 
dispersion techniques and consolidation via SPS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15  Process map of fabricated TMCs showing the effect of processing parameters on the evolution of MWCNTs, 
resultant microstructure and mechanical properties of the composites. 
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4  Conclusions 
 
The effect of milling energy provided to MWCNTs during various dispersion processing 
techniques, sp2 C-C network of MWCNTs, sintering temperatures and phase transformations on 
the resultant microstructures, densification behaviors and final mechanical and tribological 
properties of MWCNTs reinforced TMCs consolidated via SPS have been studied. Impact 
energy provided to Ti-MWCNTs powder mixtures was quantified to control the in-situ 
formation of TiC in powder mixtures at room temperatures. In addition, retaining the 
characteristic sp2 carbon network in MWCNTs, by optimizing the dispersion processing 
techniques, allowed enhancing their dispersion and controlling the interfacial reactions with Ti 
matrix at higher sintering temperatures. Well de-bundled, dispersed, and very low weight 
fractions (~0.5 wt. %) of MWCNTs in Ti matrix improved the compressive strength of the 
TMCs up to 1056 MPa with a moderate compressive strain, 27.31%. However, agglomeration 
of MWCNTs occurred at elevated sintering temperatures (~900 °C) which triggered and 
enhanced the in-situ interfacial reactions between defected MWCNTs and Ti matrix, eventually 
leading to gradual decline in compressive strength and tribological properties of the fabricated 
TMCs. The short sintering times and high temperature solid state sintering process make SPS a 
promising consolidation technique to fabricate TMCs with tailored properties. The formation of 
defects in characteristic graphitic structure of MWCNTs which originate during dispersion 
processing and sub-sequent sintering stages were minimized to improve the load-bearing 
capabilities of MWCNTs in TMCs. Fine and uniformly dispersed TiC particles in TMCs 
enhanced the bonding of matrix and reinforcement which resulted in their improved and dense 
microstructure during consolidation stages. The present results suggest that synthesis techniques 
adopted to disperse MWCNTs in metal matrices govern the resultant dispersion and structural 
integrity of MWCNTs. In order to utilize the maximum reinforcing effect of MWCNTs in 
TMCs, the processing parameters of dispersion and consolidation stages should be optimized.   
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Chapter Overview 
 
CNTs are generally considered as promising reinforcement materials for the metal 
matrices. The microstructures and resultant mechanical and tribological properties of 
CNTs reinforced TMCs fabricated by SPS have been discussed in Chapter 7. The aim 
of this chapter is to further investigate and determine and quantify the strengthening 
efficiency of CNTs reinforced in TMCs in different concentrations by different 
dispersion methods and consolidation techniques. The results showed that severe 
agglomeration of CNTs adversely affected their strengthening efficiency in the TMCs. 
However, strengthening efficiency of CNTs in TMCs, consolidated from the powder 
mixtures with pre-sonicated CNTs was significantly enhanced. The key strengthening 
mechanisms were investigated in conjunction with the theoretical prediction of the 
mechanical properties of the fabricated TMCs. The improvement in mechanical 
properties of TMCs were attributed to the grain refinement, thermal mismatch between 
CNTs and Ti matrix, dispersion strengthening by reinforced CNTs and homogenously 
distributed fine TiC dispersoids, solid solution strengthening of the carbon element in 
the Ti matrix and load-transfer from the matrix to reinforced CNTs.  
This study is currently under preparation for submission in a Journal. 
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Abstract 
 
Titanium (Ti) metal matrix composites (TMCs) reinforced with multi-walled carbon nanotubes 
(MWCNTs) were prepared by spark plasma sintering (SPS). Different concentrations (0.5 wt. 
% and 1.0 wt. %) of MWCNTs were dispersed into the Ti matrix by high energy ball milling 
(HEBM) and solution ball milling (SBM). The impact energy provided to the powder mixtures 
during the dispersion processing was quantified and optimized to disperse MWCNTs into Ti 
matrix. The effect of dispersion processing parameters on the sp2 C-C network in MWCNTs, 
resultant microstructures and mechanical properties of TMCs was investigated. The interfacial 
reactions between MWCNTs and Ti matrix were controlled by retaining the crystallinity of 
MWCNTs during the processing stages of TMCs. The defects originated in MWCNTs during 
the synthesis of TMCs were quantified and their relationship was established with the 
strengthening efficiency of the MWCNTs in TMCs. The strengthening efficiency of MWCNTs 
in the composites consolidated from the powder mixtures with pre-sonicated MWCNTs were 
significantly enhanced as opposed to the composites consolidated from the powder mixtures 
prepared via solely HEBM process. 
 
Keywords: carbon nanotubes, high energy ball milling, spark plasma sintering, titanium 
matrix composites, microstructure, Raman spectroscopy. 
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1 Introduction 
 
Carbon nanotubes (CNTs) have been emerged as a remarkable reinforcement material for 
metal matrix composites (MMCs) because of their excellent mechanical and thermal 
properties [1, 2]. Since their discovery in 1991 [3], these light weight CNTs (~ 1.7-2.0 
g/cm3) of tubular morphology with ultra-high aspect ratios (~100-100,000) have caught the 
attention of researchers to exploit their superior mechanical properties (e.g., Young’s 
modulus in the tera Pascal (TPa) range, strength up to 100 GPa to develop novel light 
weight, high strength alloys and composites for aerospace and automotive industries. The 
distinctive properties of CNTs are generally attributed to their seamless cylindrical 
morphology and presence of strong sp2 carbon-carbon (C-C) bonds in their outer shells. 
These sp2 C-C bonds form a closed honeycomb lattice and such sp2 hybridization provides 
CNTs a high value of bond energy (614 kJ/mol) [4, 5]. Extensive research has been carried 
out to utilize the potential of these tremendously stiff CNTs to reinforce metals of lower 
stiffness e.g., aluminium (Al),[6-8] magnesium (Mg) [9, 10], and titanium (Ti) [11-15]. In 
MMCs, metal matrices contribute the ductility and toughness; whereas, reinforcements 
provide stiffness, strength and improve wear properties. During the load conditions, metal 
matrices transfer the load to the incorporated reinforcements, i.e., CNTs, it is therefore 
essential to ensure and protect the effective load carrying capabilities of  CNTs during the 
various processing stages of the MMCs.[2] Despite carrying the potential of extraordinary 
reinforcement, nano-scale dimensions, large aspect ratios, presence of strong van der Waal 
(VDW) forces among individual hydrophobic CNTs hinders their dispersion in hydrophilic 
metal matrices [16]. Previous studies on CNTs reinforced MMCs revealed that dispersion, 
alignment, quality of CNT-metal interface, and interfacial interactions between CNTs and 
metal matrices play a critical role in defining the performance of the composites [6, 14, 17]. 
The processing challenge of achieving a uniform dispersion and de-bundling of CNTs in 
metal matrices while retaining their characteristic aspect ratios hinders to add them in high 
concentrations. Compared to combination with other metal matrices, e.g., Al, Cu and Mg, 
CNTs reinforced Ti matrix composites (TMCs) have not been studied extensively due to 
involvement of high processing temperatures and expensive routes of fabrication. Ti and its 
alloys exhibit excellent specific strength and corrosion resistance which advocate their use 
in the aerospace, automobile, biomedical and chemical industries [18, 19]. The 
development of novel CNTs reinforced TMCs are assumed to be next generation materials 
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due to increasing demand of light weight and high strength materials for weight savings in 
automobile and aerospace industries. . In general, ingot metallurgy (IM) and powder metallurgy 
(PM) techniques can be utilized to fabricate CNTs reinforced TMCs, however, high melting 
point of Ti and large difference in densities of CNTs and Ti hinders the use of IM. Compared to 
IM, fabrication of CNT-TMCs via PM is cost effective and promising technique to develop 
near-net shape parts.  
Previous studies on CNTs reinforced MMCs have demonstrated that dispersion quality of 
CNTs in metal matrices strongly influence the resultant mechanical properties of the 
composites [11, 14, 17, 20]. High energy ball milling (HEBM) [11, 13] and sonication [7, 21, 
22] are the widely used physical methods to disperse CNTs in the metal matrices. Despite the 
effectiveness of these methods, CNTs are prone to formation of defects in their graphitic 
structure during the processing stages, which may adversely affect their load carrying 
capabilities in the MMCs.[5] During HEBM, CNTs experience severe bending stresses as the 
milling balls hit their cylindrical side walls and induce buckling. OH et al. [23] interpreted 
these HEBM induced defects in CNTs as conversion of sp2 to sp3 hybridized carbons in their 
graphitic structure. Whereas, during the sonication process, the formation of the expansion and 
compression waves produced by the sonicator introduce cavitation bubbles in the dispersant 
solvent, the implosion of these cavitation bubbles results in the creation of shock waves and 
hotspots which interact with individual CNTs. Previous studies on dispersion of CNTs via 
sonication methods reported that aggressive sonication conditions and implosion of the 
cavitation bubbles cause high strain rates (~109/s) and shear stresses of 100 MPa in low 
viscosity dispersant solvents [24, 25]. Similar to harsh milling conditions during HEBM, it has 
been reported that prolonged sonication causes shortening and damage to side walls of CNTs 
[26, 27]. During the composites processing, any shortening of CNTs severely reduce their 
characteristic aspect ratios which may adversely affect their mechanical properties because of 
number of reasons: (i) unique elastic modulus of CNTs (~1 TPa) is a strong function of their 
aspect ratios, (ii) shortening of CNTs prohibits to develop a strong interface with the metal 
matrices, and (iii) buckling or shortening of CNTs may end up in leaving open edges and 
vacancies in CNTs which become potential sites for interfacial reactions with the metal 
matrices at higher temperatures during the consolidation stages. Recent studies on CNTs 
reinforced TMCs have shown a promising contribution of CNTs in enhancing their mechanical 
properties [11, 12, 17, 28]. In these studies, the dispersion quality of CNTs has been primarily  
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assessed by scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM), however changes occurred in the characteristic graphitic structures of CNTs during 
the mechanical dispersion processing were not reported. Considering the expensive 
processing of Ti and its alloys in terms of raw material, their processing, and machining, it 
becomes important to optimize the processing of CNTs reinforced TMCs in order to 
achieve: (i) higher strengthening efficiencies of CNTs in TMCs, and (ii) development of 
cost effective fabrication routes with better prospects of commercialization of fabricated 
composites. The first major work in CNTs reinforced TMCs was carried out by Kuzumaki 
et.al [13] who reported the enhanced elastic modulus (65%), and hardness (450%) of 
TMCs, however, evolution of CNTs during the composite processing was not assessed. 
Similarly, previous studies on the developments in CNTs (0.35 wt.%) reinforced TMCs 
have shown improvements in ultimate tensile strength and yield strength [11, 12]. Recent 
studies on CNTs reinforced TMCs reported that in order to exploit the unique properties of 
CNTs it is necessary to control the interfacial reactions between CNTs and Ti, thus 
prohibiting the in-situ formation of TiC during the consolidation stages of TMCs [28]. 
However, these interfacial reactions were controlled by consolidating the TMCs at higher 
sintering rates and lower temperatures (550 ºC). Generally, presence of a strong sp2 C-C 
network in basal plane of CNTs imparts them extraordinary chemical stability and inert 
characteristics [29]. On the other hand, defects in CNTs during their dispersion processing 
in metal matrices and further consolidation stages expose the highly reactive prismatic 
planes with dangling bonds in CNTs. Exposure of these dangling bonds in CNTs possess 
enough chemical energy to destabilized their planar graphitic structure. Previous studies on 
CNTs reinforced TMCs have shown that there is a strong correlation between the defects 
originated in the CNTs during the dispersion processing and formation of in situ TiC 
during the consolidation stages of TMCs [14, 15]. It is therefore necessary to observe and 
quantify any changes to graphitic structure of CNTs during the processing stages of TMCs.  
   To date, the influence of various processing parameters on the strengthening effeciency 
of CNTs in TMCs has not been adequately studied as yet. In this study, multi-walled 
carbon nanotubes (MWCNTs) were dispersed in Ti matrix via HEBM and sonication-
assisted HEBM. The powder mixtures were consolidated via spark plasma sintering (SPS). 
The interfacial reactions between the MWCNTs and Ti matrix were controlled by 
quantifying and controlling the defects in MWCNTs during the processing stages of 
TMCs. The morphological changes, dispersion mechanism of MWCNTs, the formation of 
the crystalline phase of TiC in consolidated TMCs, and strengthening efficiencies of 
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MWCNTs in TMCs were investigated in conjunction with the compressive properties of the 
composites. 
2 Experimental procedures 
 
2.1 Starting materials 
 
MWCNTs powders (outer diameter (OD) = 10-35 nm, inner diameter (ID) = 3-10 nm, Length 
(L) = 1-10 µm, purity > 90%) were used as the reinforcement material (Sun Nanotech Inc., 
China).Pure titanium (Ti) powder (99.7 % purity, average size = 20 µm) was used as the metal 
matrix (Atlantic Equipment Engineers, USA). Stearic acid (C18H36O2) with purity of 99.99 % 
and ethanol (C2H5OH) with purity 99.8% were used as the process control agent and 
dispersant solvent, respectively (Sigma-Aldrich, Australia). 
2.2 Synthesis of powder mixtures 
 
A planetary ball mill (Retsch 400 PM, Germany) was employed to disperse 0.5-1.0 wt.% 
MWCNTs into the Ti matrix. High energy ball milling (HEBM) was carried out to synthesize 
Ti-MWCNTs powder mixtures in three batches as mentioned in previous chapter. The first 
batch (Batch 1) was prepared by dry ball milling process in which 0.5-1.0 wt.% MWCNTs 
were ball milled at 200 rpm for 4 h. Stearic acid (SA) was used in a small quantity (0.5 wt.%) 
as a process control agent (PCA) to promote fracturing of Ti particles over cold welding and 
also to improve the dispersion of MWCNTs in powder mixtures. The starting powders were 
handled in a glove box under an Argon (Ar) atmosphere and charged in the stainless steel (SS) 
vials (500 ml, inner diameter (ID) = 100 mm). SS balls were used as a grinding media and ball 
to powder ratio (BPR) was set as 5:1.HEBM was carried out under inert atmosphere (high 
purity (99.99% Argon) and intervals of 30 min for 30 min of milling were used to evade the 
over-heating of the charged powders. The second batch (Batch 2) of Ti-MWCNTs powder 
mixtures was prepared at relatively lower milling energy as compared to Batch 1 powder 
mixtures. Ball milling was carried out at 150 rpm for 2 h, while keeping the other milling 
parameters the same as those for Batch 1. Batch 3 was prepared via solution ball milling (SBM) 
which involved four steps: (i) In the first step, as-received Ti powder was ball milled with SA 
(0.5 wt.%) at 150 rpm for 1 h while keeping the other milling parameters same as of Batch 1. 
The surface-active agents, e.g., SA, absorb on the surface of metal powders and lower their 
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surface free energy hence making them less reactive and also inhibit cold welding of 
powder particles during the mechanical alloying (MA) process.[30, 31] (ii) In the second 
step, as-received MWCNTs powders were sonicated and dispersed in ethanol dispersant (1 
ml for 1 mg of MWCNTs powder) using a water bath for 3 min. (iii) In the third step, the 
dry ball milled Ti-SA powder was ball milled with pre-sonicated MWCNTs solution at 150 
rpm for 1 h. (iv) Finally in the fourth step, the slurry containing SBM synthesised powder 
mixture was dried in the vacuum oven (Thermo Fisher-scientific, Australia) overnight at 
100 ̊C. 
In the synthesis of both batches, powder mixtures were collected in a glove box under an 
Ar atmosphere in order to prevent any atmospheric contamination. Fig.1 shows the 
schematic illustration of the procedures adopted for dispersion processing of MWCNTs 
into the Ti matrices in all three batches. 
 
Figure 1 Schematic illustration of dispersion processing techniques adopted for the fabrication of MWCNTs reinforced 
TMCs. 
2.3 Consolidation of powder mixtures 
 
Ti-MWCNTs powder mixtures of each batch were consolidated via pressure-less vacuum 
sintering and spark plasma sintering using the procedures adopted in chapter 8 and also in 
our previous studies [14, 15]. The spark plasma sintered compacts containing 0.5 wt.% 
MWCNTs were also hot extruded. Extruded bars from the sintered compacts from SPS 
were prepared in two steps: (i) The compacts of all Batches of Ti-MWCNTs powder 
mixtures containing 0.5 wt.% MWCNTs prepared via SPS at different sintering 
temperatures were also pre-heated by induction heating up to 1000 ̊C with a constant 
heating rate of 150 °C /min and held at the temperature for 5 min, and (ii) In the final step, 
the hot extrusion was carried out immediately using hydruallic press machine with a load 
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capacity of 2000 kN. The extrusion ratio and ram speed were 9:1 and 5 mm/s, respectively. The 
induction heating and hot extrusions were performed in an argon atmosphere with the oxygen 
content less than 100 ppm to prevent oxidation. The extruded bars with an average dimensions 
of 120 (length) x 10 (width) x 6 (thickness) mm were left to be cooled down to ambient 
temperature in argon atmosphere. The induction heating and hot extrusions were also 
performed in an argon atmosphere with the oxygen content less than 100 ppm to powders were 
also extruded under the same hot extrusion conditions in order to prevent oxidation.  For 
comparison, as-sintered compacts prepared from as received CP-Ti powder. 
2.4 Characterisation of powder mixtures and consolidated compacts 
 The morphology and microstructure of the powder mixtures after different ball milling 
processes were observed by using scanning electron microscopy (FEI Nova NanoSEM) 
coupled with energy dispersive X-ray spectrometry (EDX) and transmission electron 
microscopy (TEM, JEOL 1010 & 2010). Surface of the sintered compacts were mirror polished 
to 0.05 µm finish and then the microstructure of sintered compacts was observed by using an 
optical microscope (Leica DM2500M with 3.1MP CCD) and SEM. Structural changes and 
crystalline phases in the powder mixtures and the consolidated compacts were characterised by 
using X-ray diffractometer (XRD, BrukerAXS D4 Endeavor) and Raman spectroscope (In-Via 
Raman microscope, RenishawPlc). As-received powders, ball milled Ti-MWCNTs powder 
mixtures and consolidated compacts were scanned by XRD using Cu-Kα (λ= 0.154 nm) 
radiation at a scanning rate of 1 º/min over the angular range of 20-90º. Reference intensity 
ratio (RIR) method was used to determine the relative weight fractions of in-situ synthesised 
TiC in the sintered composites. The RIR method semi-quantitatively determines the phases in 
the sintered composites by deconvoluting the XRD peaks. Raman spectra of the ball milled 
powder mixtures and sintered compacts were obtained using 514 nm laser at a laser power of 
5.63 mW. At least 10 different positions of ball milled powder mixtures and sintered compacts 
were characterised by Raman spectroscope in the spectral range of 200-1800 cm-1withan 
acquisition of 50s. The obtained Raman spectra were deconvoluted into two Gaussian peaks to 
obtain the intensity and corresponding positions of Raman peaks using the Wire 4.1 software. 
2.5  Evaluation of mechanical and tribological properties of the composites 
The nano hardness and elastic modulus of the sintered batch 1, 2 and 3 composites were 
investigated using a Hysitron TI-950 TriboIndenter with a Berkovich diamond tip. Sintered     
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 compacts were mirror polished before the nano-indentation tests. A load of 5000 µN was 
applied linearly up to the maximum load in 10 s with a dwell time of 10 s followed by 
unloading in 10 s. For each sintered compact at least 9 indentations were performed in the 
form of 3 x 3 array on 3 different positions. The indentations were separated by 20 µm to 
avoid any residual stresses. Thermal drift was set to be ≤ 0.05 nm/s. The nano hardness and 
elastic modulus of the sintered compacts were evaluated using Oliver and Pharr method 
[32]. The compression tests were conducted at room temperature to investigate the 
compressive properties of the composites using a uni-axial 250 kN MTS servo hydraulic 
testing machine at compressive strain at failure were evaluated from typical stress-strain 
curves obtained from the constant strain rate of 1.0 x 10-3 s-1. The compressive yield 
strength (0.2% offset) and  the compression tests of all sintered samples. The samples were 
8 mm in diameter and 16 mm in height. At least 3 samples were tested to report an average 
value. Tensile samples with a gauge section of 15 mm (length) x 3 mm (width) x 1.5 mm 
(thickness) were cut from extruded bars using EDM. Before tensile tests, both surfaces of 
samples were ground with SiC papers up to 2400 grit. Tensile tests were carried out at 
room temperature with a cross-head speed of 0.5 mm/min using an Instron 5567 testing 
system. Strain measurements were taken with an advanced extensometer. The gauge length 
of the tensile samples was marked prior to the test to be detected by video extensometer. 
0.2 % yield strength, ultimate tensile strength, elastic modulus and elongation at rupture 
were measured from the typical stress-strain curves. For each batch of samples, 3 tensile 
tests were conducted and the average values were reported.  
3 Results and Discussion 
 
3.1 Dispersion and morphology of MWCNTs in Ti matrix  
 
One of the biggest challenges in the fabrication of CNTs reinforced MMCs is the controlling 
the dispersion of CNTs in the metal matrices. CNTs tend to agglomerate due to their large 
aspect ratios (100-100,000), high specific area (~250 m2/g) and presence of strong van der 
Waals (VDW) forces among the individual nanotubes. Previous studies on CNTs reinforced 
composites have shown that dispersion strengthening is a key mechanism in improving the 
mechanical and functional properties of composites [33, 34]. The strengthening effeciency of 
CNTs as a reinforcement material in metal matrices is highly dependent upon retaining their 
characteristic defect free tubular morphology with large aspect ratios. Fig.2 shows the 
                                                                                                                                        164 
  
Chapter 8 Improving the strengthening efficiency of carbon 
nanotubes in titanium metal matrix composites 
  
 
 
 
 
 
 
 
Figure 2 Morphology of starting powders:  a) TEM image of as-received MWCNTs powder with an inset showing 
HRTEM image of an individual MWCNT, b) HRTEM image of MWCNT showing an interlayer spacing of 
0.380 nm with an inset showing a SAED pattern obtained from MWCNT, and (c) SEM image of as-received 
Ti powder. 
 
morphology of as-received MWCNTs and Ti powders used in this study. MWCNTs are 
generally composed of hollow tubes held together by VDW forces (~ 100 eV/mm) [35]. 
MWCNTs used in this study were synthesised by chemical vapour deposition (CVD) method. 
Large bundles and clustering of as-received CVD grown MWCNTs was observed as shown in 
TEM image (Fig.2a). The inset of Fig. 2a shows an HRTEM image of an individual MWCNT 
in the cluster. HRTEM image (Fig. 2b) shows an individual MWCNT with an inter-layer 
spacing of 0.380 nm present among the stacked nanotubes. The inset of Fig.2b shows a SAED 
pattern obtained from an individual MWCNT. Commercially pure Ti (CP-Ti) powder exhibited 
irregular morphology as shown in Fig. 2c.  HEBM is widely used technique to disperse CNTs 
in the metal matrices. The metal powders plastically deform under the impact energy provided 
by the grinding media. The fracturing and flattening of Ti particles during the HEBM process 
change their initial morphology to flake-shape particles [36]. Under the influence of high 
impact energy, MWCNTs tend to embed into ductile Ti matrix via solid state diffusion process, 
therefore reinforcing the metal matrix [14, 17]. MWCNTs are hydrophobic in nature, whereas 
Ti, like most of the metal powders, exhibit hydrophilic characteristics. This incompatibility of 
MWCNTs with the Ti metal matrix leads to their weak bonding and re-aggregation of 
MWCNTs in the ravine zones of the Ti particles. Previous studies to navigate the dispersion 
challenges of CNTs in Ti powders, used long milling times[17] or adopted other complex 
techniques e.g., heterogeneous concervation methods [18], however, any defects originated in 
CNTs during these dispersion processing were not investigated or discussed. On the other hand 
such methods although become successful on laboratory scales but do not provide cost 
effective approaches for commercialization purposes. Harsh milling conditions and excessive 
functionalization of MWCNTs are capable of introducing defects in their characteristic 
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Figure 3 SEM and TEM images of all three batches of ball milled Ti-MWCNTs powder mixtures: (a-d) Batch 1: (a) SEM  image 
of powder mixture, b) TEM image of powder mixture, (c) TEM image showing TiC nanorods embedded in Ti matrix, 
(d) HR-TEM image showing nano- crystalline TiC in defect zones of MWCNTs with an in-set SAED  pattern from TiC 
zone. (e-h) Batch 2: (e) SEM image of powder mixture, (f) TEM image of powder mixture, (g) TEM image showing 
deformed MWCNTs in Ti matrix, (h) HR-TEM image showing defect zones in MWCNTs with an in-set SAED pattern 
from MWCNT.(i-l) Batch 3: (i) SEM image of powder mixture, (j) TEM image of powder mixture, (k) TEM image 
showing an individual MWCNT from powder mixture, (l) HR-TEM image showing defect  free  MWCNTs with  an in-
set SAED pattern from MWCNT. 
graphitic structures [5, 37]. These defects are generally present in CNTs in the form of open 
edges, vacancies and broken side walls which may trigger any unwanted interfacial reactions 
with the surrounding Ti matrix during the high temperature consolidation stages. This may 
deteriorate the strengthening effeciency of MWCNTs in the Ti matrix. Dispersion of MWCNTs 
into the Ti matrix and accumulated defects in their sp2 C-C network are highly dependent on 
the total kinetic or impact energy supplied to them during the ball milling process. The impact 
energy supplied to the charged powders was quantified in previous studies and associated with 
the resultant dispersion and any originated defects in CNTs during the dispersion processing 
via HEBM [14, 15]. The impact energy values supplied to disperse MWCNTs in the Ti 
matrices were calculated for all three batches of samples, 73.20 W and 20.38 W for Batch 1 and 
Batch 2 charged powder mixtures and 13.34 W for Batch 3 powder mixtures prepared via 
SBM. Fig. 3 shows the morphology and dispersion of 0.5 wt. % MWCNTs into the Ti matrix in 
all three batches. The morphology of the Batch 1 Ti-MWCNTs powder mixtures is shown in 
Figs. 3a-d. Impact energy of 73.20 W resulted in in-situ formation of TiC [14, 15].  
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 Furthermore, high milling energies and harsh milling conditions provided to the starting 
powders, such as high ball to powder ratios (BPRs), high milling speeds and prolonged milling 
times adversely affect the graphitic structure of CNTs. TiC exhibited a nanorods morphology 
which were uniformly dispersed and embedded in the Ti powder matrix as shown in Fig. 3c as 
confirmed by the selected area diffraction pattern obtained from the TiC nanorods as shown in 
inset of Fig. 3d. The morphology of the Batch 2 Ti-MWCNTs powder mixtures is shown in 
Figs. 3e-h. Powder mixtures of Batch 2 were prepared at impact energy of 20.38 W. The in-situ 
formation of TiC was not observed in the ball milled powder mixtures. Large clusters of 
MWCNTs were break down into small clusters and attached on the Ti particles as shown in 
Figs. 3e and 3f. Average agglomerate size of MWCNTs was measured as 2 µm. [38]. 
Shortening and extensive deformation zones were observed in some MWCNTs as shown in 
Fig. 3g.These defect sites, in the form of open edges and vacancies, constitute non-sp2 defects 
in C-C system of MWCNTs which become potential sites for interfacial reactions during the 
high temperature consolidation stages, e.g., SPS. The increased non- sp2 content was quantified 
with Raman spectra collected from the ball milled powder mixtures and will be discussed later. 
Fig. 3h shows the deformation zone in an individual MWCNT with an in-set showing the 
diffraction pattern collected from the MWCNT. Figs. 3i-l show the morphology of the power 
mixtures prepared by sonication assisted ball milling. Metal particles generally exhibit high 
surface energy which makes them highly reactive to any impurities or secondary phase 
particles on their surfaces [39]. In order to decrease the surface energy of Ti powder, SA which 
acts as a PCA was ball milled with Ti powders. The chemical structure of a SA generally 
consists of a hydrophilic head and a hydrophobic tail. The hydrophilic head of SA adheres on 
the hydrophilic metal particle surface, lowers its surface free energy and prevents the cold 
welding of particles by introducing hydrophobic tails around them[31].De-bundled and well 
dispersed MWCNTs were observed in the Ti matrix prepared via sonication assisted SBM 
technique as shown in Fig. 3i. In this study, the optimum energy of 19.2 J/ml was used to 
disperse 25 mg of MWCNTs into 25 ml of the dispersant solvent (ethanol) and the power 
transferred to MWCNTs during the sonication process was calculated as 2.66 W. MWCNTs, 
which were dispersed in the powder mixtures obtained by SBM, retained their characteristic 
tubular morphology and high aspect ratios as shown in Figs.3j and 3k. In addition to an 
efficient dispersion and de-bundling technique for MWCNTs in Ti matrix, SBM did not 
introduce extensive defects in MWCNTs as shown in Figs. 3k and 3l. It was assumed that 
energy density of 13.34 W provided to the charged powder mixtures via SBM was sufficient in 
overcoming the strong vdW forces (-100 eV) among the adjacent MWCNTs with minimum 
167 
  
Chapter 8 Improving the strengthening efficiency of carbon nanotubes in 
titanium metal matrix composites 
  
defects to their characteristic sp2 C-C structure. This was also confirmed by results of Raman 
spectroscopy and will be discussed later. Fig.4 shows the morphology of all three Batches of 
Ti-1.0 wt.% MWCNTs powder mixtures prepared with the same synthesis techniques and 
impact energy levels as used for the synthesis of Ti-0.5 wt.% MWCNTs. TEM image of Batch 
1 powder mixtures with 1.0 wt.% MWCNTs is shown in Figs. 4a-b. Dispersed MWCNTs and 
TiC nanorods were observed in the Ti matrix as shown in Fig.4a. HRTEM images revealed a 
clean Ti-TiC interface as shown in Fig. 4b. It is assumed that in-situ TiC formation during 
HEBM at higher impact energy provided to Ti-MWCNTs powder mixtures resulted in better 
dispersion of TiC nano-rods. TEM images of Batch 2 powder mixtures prepared with 1.0 wt.% 
MWCNTs revealed large agglomerates of unreacted MWCNTs on the Ti particles as shown in 
Figs.4c-d. Interaction of hard MWCNT with neighbouring MWCNTs in the agglomerate 
induced defects in individual MWCNTs as shown in Fig.4d. As discussed earlier such defect 
sites in MWCNTs become potential reactive sites which may trigger interfacial reactions with 
Ti matrix during high temperature consolidation stages. Batch 3  powder mixtures (Figs.4e-f) 
prepared with 1.0 wt. % MWCNTs via SBM resulted in better dispersion and debundling of 
MWCNTs as compared to dispersion of MWCNTs in Batch 2 powder mixtures prepared with 
dry HEBM at slightly higher impact energy. However, 13.34 W of impact energy provided to 
1.0 wt. % MWCNTs was insufficient and resulted in insufficient debundling as shown in 
Fig.4f. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  168 
  
Chapter 8 Improving the strengthening efficiency of carbon nanotubes in 
titanium metal matrix composites 
  
Figure 4 TEM images of all three batches of ball milled Ti-1.0 wt. % MWCNTs powder mixtures: (a) Batch 1 powder mixture 
showing distributed TiC nanorods and MWCNTs in Ti matrix,(b) An individual TiC nano-rod (showed in a) embedded in Ti 
matrix with an inset showing HRTEM image showing Ti-TiC interface, (c) Batch 2 powder mixture showing agglomerated 
MWCNTs in Ti matrix, (d) deformation zones in an individual MWCNT (showed in c) due to interaction with surrounding 
MWCNTs, (e) Batch 3 powder mixture showing dispersed MWCNTs in Ti matrix, (f) entangled MWCNTs (showed in e) 
dispersed in Ti matrix. 
3.2 X-ray diffraction (XRD) characterisation of the sintered composites 
Ball milled powder mixtures and sintered composites were characterised by XRD to study the 
structural changes and evolution of crystalline phases. Fig. 4 shows the XRD patterns of the 
starting and powder mixtures of all three batches prepared with quantities of 0.5 wt. % (Fig.5a) 
and 1.0 wt. % MWCNTs (Fig.5b) in Ti powders. 
 
Figure 5 XRD patterns of starting and ball milled Ti-MWCNTs powder mixtures of all three batches prepared from: (a) 0.5 
 wt. %MWCNTs, and (b) 1.0 wt. % MWCNTs. 
Slightly broadened peaks corresponding to α-Ti were observed in the XRD patterns of the ball 
milled powder mixtures. Absence of MWCNTs peaks in the XRD patterns of ball milled 
powder mixtures are attributed to low weight fractions (0.5-1.0 wt. %) of MWCNTs used in 
this study. In addition to that, previous studies on XRD analysis of Ti and carbon powder 
mixtures show that it is hard to detect XRD peaks for carbonaceous materials which are mixed 
in the Ti powders. The major reason was the significant difference in mass  absorption 
coefficient (for Cu Kα radiations) of Ti and carbon (C) which are 208 and 4.6 m2/g, 
respectively[40]. Compared to Ti-0.5 wt.% MWCNTs powder mixtures, XRD patterns of Ti-
1.0 wt.% MWCNT powder mixtures revealed higher intensities of α-Ti peaks as shown in Fig. 
5b. Lower intensity of α-Ti peaks in Ti-0.5 wt.% MWCNTs powder mixtures (Fig.4a) may be 
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attributed to better dispersion of MWCNTs in Ti particles. However, the energy levels 
provided to Ti-0.5 wt.% MWCNTs powder mixtures for all three batches were not 
sufficient to enhance the dispersion of 1.0 wt.% MWCNTs on Ti particles. Strong 
agglomeration of MWCNTs was observed in the Batch 2 powder mixtures prepared 
with 1.0 wt.% MWCNTs as shown in Fig.4c. Crystallite size of Ti in the powder 
mixtures of all three batches ball milled with 0.5 and 1.0 wt.% MWCNTs were 
measured using Williamson-Hall equation which evaluates the peak broadening effect 
due to induced strains in the powder particles during ball milling and reduction in grain 
size [41]:  
𝒃𝐜𝐨𝐬 Ɵ =  𝟎.𝟗  
𝒅
𝝀 + 𝟐 𝜺 𝐬𝐢𝐧Ɵ     (1) 
where, b is the full width at half maximum (FWHM) of diffraction peak, Ɵ is the diffraction 
angle, 𝑑 is the crystallite size in nm, λ is the wave length (nm) of radiation used in 
diffractometer and Ɛ is the strain induced in the powder mixtures. 
 Our previous studies on Ti-MWCNTs powder mixtures evaluated the crystallite sizes of Ti 
powders which were ball milled with 0.5 wt.% MWCNTs at different milling energies [15]. 
The crystallite size of as received Ti powders was measured as 43 nm, which was reduced to 
16 nm in Batch 1 ball milled powder mixtures showing 62% reduction in crystallite size. 
Previous studies on various alloys synthesised via ball milling show that crystallite size of 
starting powders is inversely proportional to the milling energy but there is a cut-off where 
further increases in milling energies in form of high BPRs, milling speeds and milling times 
do not reduce the crystallite size [42]. Dispersed MWCNTs present on the Ti particles act as a 
heat sink because of their superior thermal properties, e.g., high thermal conductivity and low 
coefficient of thermal expansion, thus provide the pinning effect by prohibiting the grain 
growth of Ti particles. The crystallite size of Ti in Batch 2 and Batch 3 ball milled powder 
mixtures was measured as 32 nm and 13 nm, showing 26% and 70% reduction in crystallite 
size, respectively. It was assumed that agglomerates of MWCNTs on Ti particles in Batch 2 
powder mixtures did not provide an efficient pinning effect as compared to Batch 1 and Batch 
3 powder mixtures. Compared to XRD peaks of powder mixtures prepared containing 0.5 
wt.% MWCNTs, all three batches prepared with 1.0 wt.% MWCNTs revealed less broadened 
and sharp XRD peaks as shown in Fig. 5b. The crystallite sizes of Ti powder in Batch 1, 
Batch 2 and Batch 2 powder mixtures ball milled with 1.0 wt.% MWCNTs were measured as 
28, 41 and 33 nm, respectively. Fig.6 shows the XRD patterns of the vacuum sintered 
composites prepared from the powder mixtures of all three batches containing 0.5 wt.% 
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 MWCNTs. The XRD pattern of the sintered composite prepared from the powder mixtures of 
Batch 1, Batch 2 and Batch 3 exhibited additional TiC peaks. The in situ TiC formation in Ti-
MWCNTs composites consolidated via pressure-less vacuum sintering was quantified in 
previous studies as 0.40, 2.00, and 1.60 wt.% in Batch 1, Batch 2 and Batch 3 composites, 
respectively [14, 15].   
  
 
 
 
 
 
 
 
 
 
 
Figure 6 XRD patterns of Ti-0.5 wt. % MWCNTs pressure-less vacuum sintered composites of all three batches 
sintered at 1100 ̊C. 
Figs.7 shows the XRD patterns of Ti- 0.5 wt. % MWCNTs composites prepared via SPS from 
the ball milled powder mixtures of all three batches at different sintering temperatures. Figs. 
7a-b show the XRD patterns of composites prepared from powder mixtures of all three batches 
which were sintered at 800 ̊C. As-received Ti powder was also consolidated under the same 
SPS conditions and XRD patterns from their sintered compacts revealed sharp peaks 
corresponding to α-Ti as shown in Fig.7a. The in situ TiC formation in Ti-MWCNTs 
composites consolidated via SPS was quantified as 1.10, 2.30, and 0.00 wt. % in Batch 1, Batch 
2 and Batch 3 composites, respectively [15]. Similarly, the in situ TiC formation in Ti-
MWCNTs composites consolidated via SPS at 900 ̊C was quantified as 1.40, 2.50, and 2.10 wt. 
% in Batch 1, Batch 2 and Batch 3 composites, respectively as shown in Fig.7b. Defects 
originated during dispersion processing and re-agglomeration caused by thermo-mechanical 
consolidation during SPS triggered the interfacial reactions between MWCNTs and 
surrounding Ti matrix. However, de-bundled MWCNTs via SBM dispersion processing 
171 
  
Chapter 8 Improving the strengthening efficiency of carbon nanotubes in 
titanium metal matrix composites 
  
retained their characteristic sp2 carbon structure which enhanced their chemical and thermal 
stability during high temperature sintering (800 ̊C) via SPS. In order to further develop an 
understanding of the agglomeration effect of MWCNTs and their subsequent interfacial 
interactions with the metal matrix, Ti- 1.0 wt. % MWCNTs powder mixtures were prepared 
using the same parameters of all three batches and consolidated via SPS at 800 ̊C. 
  
Figure 7 XRD patterns of Ti-0.5 wt. % MWCNTs sintered composites of all three batches consolidated via SPS at different 
 temperatures: (a) 800 °C , and (b) 900 °C.  
The in-situ formed TiC phase in the sintered Ti-1.0 wt. % MWCNTs composites was 
compared with TiC phase in 0.5 wt. % MWCNTs composites sintered at same sintering 
temperature of 800 ̊C. Figs. 8a-b show the XRD patterns of Ti- 1.0 wt. % MWCNTs sintered 
composites. In-situ formed TiC phase in Batch 1 sintered composite was measured as 1.3 wt. 
% which was 18% higher than Ti-0.5 wt. % composites. Batch 2 composites prepared with 
Ti-1.0 wt. % MWCNTs exhibited 4.1 wt. % TiC which was 78% higher than Ti-0.5 wt. % 
composites. Batch 3 composites prepared with Ti-1.0 wt. % MWCNTs via SBM exhibited 2.7 
wt. % TiC whereas Batch 3 composites prepared with Ti-0.5 wt. % composites did not reveal 
any TiC peaks. These results were complimented by Raman spectra obtained from Ti-1.0 wt. 
% composites which revealed increased defects in MWCNTs and will be discussed later. 
Previous studies on MWCNTs reinforced MMCs show that addition of large quantities of 
MWCNTs (>0.8 wt.%) adversely affect the mechanical properties of the composites and is 
attributed to insolubility of carbon in Ti matrix [17, 28]. It is assumed that pre-agglomeration 
or re-agglomeration of MWCNTs during SPS process increases the defects in MWCNTs and  
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enhance the interfacial interactions with surrounding Ti matrix.  The in situ TiC formation in all 
three batches of composites prepared via pressure-less vacuum sintering and SPS have been 
summarized in Table 1. 
3.3 Raman spectroscopy of powder mixtures and sintered composites 
 
Raman spectroscopy is a valuable technique to characterize the evolution of carbonaceous 
reinforcements, i.e., CNTs in polymer and metal matrices.[5, 43] Previous studies on CNTs 
reinforced MMCs showed that metal matrices do not possess any Raman active vibrational 
modes,[14, 44] which is expedient to characterize CNTs using this technique even when they 
are dispersed in very low quantities into the metal matrices.  
Figure 8 XRD patterns of Ti-1.0 wt.% MWCNTs sintered composites of all three batches consolidated via SPS at 800 
°C: (a) XRD patterns of sintered compacts of CP-Ti and all three batches (b)  XRD peaks obtained in (a) in 
diffraction angle range of 30°-56° to show relative intensity of TiC  peaks in sintered composites of all 
three batches. 
Fig. 9 shows the Raman spectra of as-received Ti and MWCNTs powders. Raman spectra of 
as-received MWCNTs revealed two main graphitic peaks at 1343 and 1575 cm-1, which were 
characterised as D band and G band, respectively. Raman spectra of MWCNTs also revealed a 
weak shoulder (D´ band) of characteristic G band at 1608 cm-1 which is associated with 
circumferential atomic displacements in MWCNTs. The D band is generally attributed to 
presence of defects in form of the non-sp2 disorders in C-C bonds of MWCNTs and G band 
corresponds to the in-plane stretching mode of C-C bonds in MWCNTs, which can also be 
interpreted as degree of metallicity or crystallinity in graphitic materials [45]. The characteristic 
intensity ratio of both bands (ID/IG), i.e., D and G bands, is generally used to quantitatively 
evaluate the crystalline structure of CNTs, whereas, less intense and broadened G band can be  
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attributed to the accumulation of disorders in sp2 C-C network of MWCNTs which may 
present in form of vacancies, broken side walls and open edges.[31, 46] In this study, the 
characteristic intensity ratio (ID/IG) of as-received MWCNTs was measured about 0.80, 
indicating the crystalline structure of MWCNTs with a dominance of sp2 C-C bonds over non-
sp2 disorders. The characteristic ID/IG ratio of MWCNTs-Ti composites containing 0.5 wt. % 
MWCNTs consolidated via vacuum sintering and SPS has been reported in previous chapter 
and in previous studies [14, 15] , and are summarized in Table 1. 
 
 
 
 
 
 
 
 
 
Figure 9 Raman spectra of as-received Ti and MWCNTs powders. 
Raman spectra collected from the powder mixtures and sintered composites of Ti-1.0 wt. % 
MWCNTs of all three batches prepared via SPS are shown in Fig.10. The characteristic ID/IG 
ratio of MWCNTs collected from the Batch 1 powder mixtures, with 1.0 wt. % MWCNTs, 
was measured as 1.38 showing an increase of 3% than that of powder mixtures with 0.5 wt. % 
MWCNTs of the same batch. Aside from un-reacted MWCNTs peaks at 1343 and 1575 cm-1, 
Raman spectra revealed additional intense TiC peaks in the powder mixtures as shown in 
Fig.10a. The characteristic ID/IG ratio of MWCNTs increased to 1.43 in the SPSed composites 
processed at 800 °C. This shows that non-sp2 disorders increased in Batch 1 composites 
containing 1.0 wt.% MWCNTs which may be attributed to interaction of MWCNTs with each 
other during the deformation process of SPS. Batch 2 powder mixtures containing 1.0 wt.% 
MWCNTs more disorders in MWCNTs as shown in Fig. 10b. Raman spectra revealed only 
peaks corresponding to MWCNTs in the ball milled powder mixtures was measured as 1.60 
which further increased to 1.66 during the sintering at 800 °C. Raman spectra of Batch 2 
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sintered composite containing 1.0 wt. % MWCNTs revealed intense TiC peaks which is 
attributed to pre-agglomeration and increased defect concentration in MWCNTs during the 
dispersion processing via HEBM. Fig.10c shows the Raman spectra of Batch 3 powder 
mixtures containing 1.0 wt. % MWCNTs prepared via SBM. Only Raman peaks corresponding 
to MWCNTs were observed and characteristic ID/IG ratio of MWCNTs in the powder mixtures 
was measured as 1.20 which was 26% higher than that of powder mixtures prepared via SBM 
containing 0.5 wt. % MWCNTs. This shows that agglomeration and interaction of individual 
CNT with its neighboring CNT increases the non-sp2 defects in their sp2 graphitic 
structures.ID/IG ratio of Batch 3 sintered composite containing 1.0 wt. %  
MWCNTs was measured as 1.26 which was 18% higher than that of sintered composite 
containing 0.5 wt.% MWCNTs. Raman spectra of Batch 3 sintered composites also revealed 
intense TiC peaks at 260, 420 and 605 cm-1 which complements the TiC peaks obtained in 
their corresponding XRD patterns (Fig. 8) , whereas Batch 3 composites containing 0.5 wt. % 
MWCNTs only few and less intense TiC peaks. 
 
Figure 10 Raman spectra of, Ti-1.0 wt.% MWCNTs powder mixtures and their corresponding sintered composites of all 
three batches prepared via SPS: (a) Batch 1 powder mixture and sintered composites, (b) Batch 2 powder mixture and 
sintered composites, and (c) Batch 3 powder mixture and sintered composites. 
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Table 1 Effect of dispersion and consolidation methods on the evolution of, in-situ formation of TiC and resultant 
relative density of the sintered composites. 
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Sample 
Powder 
mixtures 
Sintered compacts 
Composition 
Sintering technique 
Sintering temperature 
Batch 
ID/IG ratio 
(MWCNTs) 
[15, 47] 
ID/IG ratio 
(MWCNTs) 
Average 
In-situ 
synthesised 
TiC 
(wt. %) 
[14] 
Relative 
density  
(%) 
Ti- 0.5 wt.% MWCNTs  
Vacuum sintering 
1100°C 
CP-Ti - - - 98.91 ± 0.52 
Batch 1 1.34±0.05 1.52± 0.12 0.40 98.10 ± 1.02 
Batch 2 1.43±0.11 1.55± 0.03 2.00 93.14 ± 0.80 
Batch 3 0.95 ± 0.04 1.07± 0.04 1.60 99.80 ± 0.07 
Ti- 0.5 wt.% MWCNTs  
SPS 
800°C 
CP-Ti - - - 98.91 ± 0.52 
Batch 1 1.34±0.05 1.41± 0.15 1.10 99.89 ± 0.04 
Batch 2 1.43±0.11 1.57± 0.12 2.30 97.73 ± 0.10 
Batch 3 0.95 ± 0.04 1.07± 0.04 - 99.80 ± 0.07 
Ti- 0.5 wt.% MWCNTs  
SPS 
900°C 
CP-Ti - - - 99.89 ± 0.05 
Batch 1 1.34±0.05 1.49± 0.11 1.40 98.12± 0.25 
Batch 2 1.43±0.11 1.62± 0.07 2.50 95.67 ± 0.11 
Batch 3 0.95 ± 0.04 1.11± 0.16 2.10 97.68± 0.13 
Ti- 1.0 wt.% MWCNTs  
SPS 
800°C 
Batch 1 1.38±0.08 1.43± 0.10 1.30 97.12 ± 0.64 
Batch 2 1.60±0.03 1.66± 0.07 4.10 91.85 ± 0.17 
Batch 3 1.20 ± 0.07 1.26± 0.05 2.70 96.13 ± 0.22 
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3.4 Microstructure of sintered Ti-MWCNTs composites 
 
The morphology and microstructure of Ti-0.5 wt. % MWCNTs composites prepared via 
vacuum sintering and SPS have been discussed in previous studies [5, 14] and chapter 8. The 
in situ TiC fraction and relative densities of the sintered compacts prepared from three batches 
were quantified and have been summarized in Table 1. Fig.11 shows the SEM images of the 
all three batches of Ti-1.0 wt.% MWCNTs composites sintered at 800 °C via SPS. As 
discussed earlier, pre-agglomeration before the SPS and re-agglomeration during the high 
temperature sintering process result in the formation of pores and cracks in the sintered 
composites. Fig. 11a shows the SEM image of sintered composites prepared from Batch 1 
powder mixtures with 1.0 wt.% MWCNTs. Cracks and pores were observed in the vicinity of 
un-reacted MWCNTs. MWCNTs were mainly agglomerated in the grain boundaries of TMC. 
It is assumed that inadequate dispersion of MWCNTs in the Ti powders during may lead to 
non-equilibrium segregation of MWCNTs towards the grain boundaries which increases with 
increasing the sintering temperature. XRD patterns (Fig.7) of 1.0 wt.% MWCNTs revealed 
TiC peaks and relative weight fraction of TiC in the sintered composites was measured as 1.3 
wt.%. Raman spectra (Fig.10a) collected from Batch 1 composites containing 1.0 wt.% 
MWCNTs revealed TiC peaks with un-reacted MWCNTs showing the increase non-sp2 
defects in their C-C structure.  
Figure 11 SEM images of sintered Ti-1.0 wt.% MWCNTs composites of all three batches consolidated via SPS at 
sintering temperature of 800  ̊C: (a) Batch 1, (b) Batch 2, (c) Batch 3. 
Fig. 11b shows the SEM image of sintered composites prepared from Batch 2 powder 
mixtures with 1.0 wt.% MWCNTs. Microstructure of the composite revealed large cracks and 
pores in the vicinity of agglomerated and un-reacted MWCNTs. TiC weight fraction in the 
composites was measured as 4.1 wt.%. Fig. 11c shows the SEM image of sintered composites 
prepared from Batch 3 powder mixtures prepared via SBM with 1.0 wt.% MWCNTs. 
Microstructure of the composite revealed cracks and pores initiating from the regions of un-
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reacted and re-agglomerated. TiC weight fraction in the composites was measured as 2.7 wt. 
The average relative density of the 1.0 wt. % MWCNTs reinforced TMCs consolidated at 
800 ̊C was measured 97.12%, 91.85%, and 96.13% for Batch1, Batch 2 and Batch 3, 
respectively. Fig. 12 shows TEM images of as-sintered TMCs containing 0.5 wt.% and 1.0 
wt.% MWCNTs fabricated via SPS. Embedded MWCNTs in Ti matrix were found in Batch 1 
TMCs containing 0.5 wt.% and 1.0 wt. % MWCNTs as shown in Figs.12a-b, respectively. 
Highly deformed MWCNTs were observed in the sintered composites of Batch 2 composites 
containing 0.5 wt.% MWCNTs as shown in Fig. 12c. This compliments the results from Raman 
spectroscopy which revealed increased disorders in MWCNTs during the consolidation of 
powder mixtures via SPS. HRTEM image (Fig. 12d) revealed the in situ formation of TiC on 
the deformed outer shells of MWCNTs. Nano beam diffraction patterns were obtained from 
individual crystals of Ti and TiC which are shown in inset of Fig. 12d.  It is assumed that 
defects in MWCNTs during the processing stages expose the prismatic planes in CNTs which 
trigger the interfacial reactions between the defect zones in CNTs and surrounding highly 
reactive Ti matrix. TEM image (Fig. 12e) and HRTEM image (Fig. 12f) of Batch 2 composite 
containing 1.0 wt.% MWCNTs revealed accelerated TiC formation in TMCs, which 
compliments the result of XRD (Fig.8b). Fig. 12g shows the TEM image of Batch 3 TMC 
containing 0.5 wt.% MWCNT which revealed uniformly dispersed and de-bundled MWCNTs 
in the Ti matrix. MWCNTs retained their characteristic tubular morphology and large aspect 
ratios (as shown in in-set of Fig. 12g) which complement the result from the Raman studies 
reported in previous chapter.  It is assumed that controlling the defects in MWCNTs during the 
composite processing stages enabled them to retain their chemical and thermal stability during 
high temperature thermo-mechanical consolidation via SPS.  Fig. 12h shows the TEM image of 
Batch 3 TMC containing 1.0 wt. % MWCNTs. Increasing the content of MWCNTs from 0.5 
wt. % to 1.0 wt. % resulted in the clustering and formation of defects in MWCNTs. However, 
compared to Batch 2 TMCs containing 1.0 wt. % MWCNTs, which exhibited large TiC 
content, Batch 3 TMCs with same MWCNTs concentration revealed  less TiC formation 
(2.7%) and exhibited distribution of clustered MWCNTs in the Ti matrix as shown in Fig.12h. 
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Figure 12 TEM and HRTEM images of Batch 1, Batch 2 and Batch 3 TMCs containing 0.5 wt. % and 1.0 wt. % 
MWCNTs and sintered via SPS at 800 C̊: (a) Batch 1 TMC containing 0.5 wt.% MWCNTs with inset showing 
embedded MWCNTs in  Ti matrix, (b) ) Batch 1 TMC containing 1.0 wt.% MWCNTs, (c) Batch 2 TMC 
containing 0.5 wt.% MWCNTs with inset showing a deformed MWCNT in Ti matrix, (d) HRTEM image with 
SAED patterns obtained from the interface of deformed MWCNT and Ti matrix, (e) Batch 2 TMC containing 
1.0 wt. % MWCNTs, (f) HRTEM image and SAED pattern obtained from a selected area in (e), (g) Batch 2 
TMC containing 0.5 wt. % MWCNTs with an inset showing debundled MWCNTs in Ti matrix, and (h) Batch 
2 TMC containing 1.0 wt. % MWCNTs showing agglomerated MWCNTs in Ti matrix.  
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3.5 Mechanical properties of sintered composites 
 
Fig.13 shows the compressive properties of all three batches of TMCs prepared from the 
powder mixtures containing 0.5 wt. % and consolidated via pressure-less vacuum sintering at 
1100 ̊C.  
Figure 13 compressive properties of all three batches of composites prepared via pressure-less vacuum sintering: (a) 
compressive stress-strain curves, and (b) summarised compressive properties of all three batches 
Fig.13a shows the compressive stress-strain curves of the samples of CP-Ti and all three 
batches of TMCs. The yield strength and compressive strain at rupture for of CP-Ti compact 
was measured as 695 ± 10 MPa and 40.4± 0.5%, receptively as shown in Fig.13b. Compressive 
yield strength and compressive strain at rupture of Batch 1 composite containing 0.5 wt. % 
MWCNTs was measured 822 ± 15 MPa and 30.7 ± 0.6%, respectively. The average 
compressive yield strength was increased by 18% than that of CP-Ti compact sintered under 
same sintering conditions. Compressive yield strength and compressive strain at rupture of 
Batch 2 composite containing 0.5 wt. % MWCNTs was measured 782 ± 10 MPa and 33.3 ± 
0.9%, respectively. The average compressive yield strength was increased by 12% than that of 
CP-Ti compact. Batch 3 composites containing 0.5 wt. % MWCNTs exhibited enhanced 
compressive response and average compressive yield strength and compressive strain as 
fracture was measured as 920 ± 12 MPa and 24.5 ± 0.6%, respectively. This shows an 
improvement of 32% in compressive yield strength than that of CP-Ti with considerable plastic 
deformation ability. The strengthening efficiency of MWCNTs in Ti matrix was improved by 
retaining the sp2 C-C structure of MWCNTs. The strengthening or reinforcing effeciency (R) 
can be used to evaluate the reinforcing effect of MWCNTs in the metal matrix, which can be 
calculated using: [8]  
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R= 𝜎𝑐−𝜎𝑚
𝜎𝑚𝑉𝐶𝑁𝑇
         (2) 
Where, R is the strengthening efficiency, σc is compressive yield strength of the composite, σm 
is compressive yield strength of the matrix, and VCNT is the volume fraction of CNTs in the 
metal matrix. The strengthening effeciency of all three batches of TMCs containing 0.5 wt. % 
MWCNTs and prepared via vacuum sintering was measured as 37%, 14% and 21% for Batch 1, 
Batch 2 and Batch 3, respectively.  The compressive and nano-wear properties of MWCNTs in 
TMCs consolidated at different temperatures via SPS have been discussed in previous chapter. 
It was concluded that MWCNTs tend to agglomerate at elevated sintering temperature of 900 ̊C 
which also adversely affected their mechanical properties. Fig. 14 shows the effect of 
consolidation temperature during SPS on the compressive yield strength of all three batches of 
TMCs.   
 
Figure 14 Effect of sintering temperature on the compressive yield strength of TMCs containing 0.5 wt. % MWCNTs. 
The strengthening effeciency of all three batches of TMCs containing 0.5 wt. % MWCNTs and 
prepared via SPS at 800 ̊C sintering was measured as 45%, 23% and 50% for Batch 1, Batch 2 
and Batch 3, respectively. Figs. 15a-b show the compressive stress-strain curves of the 
composites containing 1.0 wt. % MWCNTs and average compressive yield strengths of the 
composites prepared from all three batches, respectively via SPS at 800 C̊. Compressive yield 
strength and compressive strain at rupture of Batch 1 composite containing 1.0 wt. % 
MWCNTs and sintered at 800 ̊C was measured 847.00±17.00 MPa and 30.10±0.29%, 
respectively. The average compressive yield strength was reduced by 18% as compared to 
composites prepared from the powder mixtures containing 0.5 wt. % MWCNTs consolidated 
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under same SPS conditions. Microstructure (Fig. 11a) of the 1.0 wt. % MWCNTs reinforced 
TMCs prepared from Batch 1 powder mixture revealed defects and pores in the vicinity of 
agglomerated MWCNTs. It was observed that MWCNTs tend to agglomerate near the grain 
boundaries in Ti matrix and triggered in situ formation of TiC.  
Thermal mismatch between TiC particles, unreacted MWCNTs and surrounding Ti matrix 
resulted in formation of cracks, pores and defects in the sintered composites.  Compressive 
yield strength and compressive strain at rupture of Batch 2 composite containing 1.0 wt. % 
MWCNTs and sintered at 800 ̊C was measured 635.00±28.00MPa and 16.17±0.68%, 
respectively. Compressive properties of Batch 2 composite were adversely affected by 
addition of 1.0 wt. % MWCNTs. The compressive yield strength was reduced by 14% than 
that of CP-Ti consolidated under same SPS conditions. This is in agreement with the results 
reported by F.C Wang et al.[28] in which compressive strength of the MWCNTs reinforced 
TMCs were adversely affected when high concentrations of MWCNTs (~ 0.8 wt. %) were 
added into the Ti matrix.  
Figure 15 Compressive and nano-mechanical properties of all three batches of TMCs containing 1 wt. % MWCNTs: (a) 
Compressive stress-strain curves of all three batches of TMCs with an inset showing TMCs after the compression test, (b) 
summarised compressive properties of all three batches, (c) comparison of load-displacement curves for sintered 
composites of all three batches of TMCs, and (d) comparison of mechanical properties obtained from the 
nanoindentation of Ti-1.0 wt. % MWCNTs composites. 
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Batch 2 powder mixtures prepared with 0.5 wt. % MWCNTs at low impact energy of 20.38 
W revealed inadequate dispersion and pre-dominating agglomeration of MWCNTs on Ti 
matrix as shown in Figs. 3e-h. Increasing the quantity of MWCNTs to 1.0 wt. % MWCNTs 
further increased the agglomeration content in the powder mixtures as shown in Figs.4c-d. As  
discussed earlier insufficiently dispersed MWCNTs tend to extensively agglomerate during 
the SPS process, thus adversely affecting the densification of the composites. Similar effect 
was seen in the Batch 3 sintered composites prepared with 1.0 wt.% MWCNTs. TiC content 
in the sintered composites also increased to 4.1 wt.%. Compressive yield strength and 
compressive strain at rupture of Batch 3 composite containing 1.0 wt. % MWCNTs and 
sintered at 800 ̊C was measured 899.00±44.00 MPa and 28.31±0.35%, respectively. 
Microstructures of the sintered composites also revealed agglomerated MWCNTs near the 
grain boundaries of Ti matrix and subsequent defects in the form of pores and cracks as 
shown in Fig. 11c. All three batches of the sintered composites, containing 1.0 wt.% 
MWCNTs , revealed agglomeration of MWCNTs which led to formation of pores and defects 
in the composites, however when a ranking in terms of an average compressive strength is 
made, the composites are ranked as; Batch 3>Batch 1>CP-Ti>Batch 2. It was assumed that 
dispersion techniques and impact energy provided to charged powders govern the resultant 
physical and mechanical properties of the composites, whereas, addition of high 
concentrations of MWCNTs lead to their severe agglomeration which adversely affects the 
microstructure and mechanical properties of consolidated composites. The strengthening 
effeciency of all three batches of TMCs containing 1.0 wt. % MWCNTs and prepared via SPS 
at 800 ̊C sintering was measured as 9%, and 13% for Batch 1, and Batch 3, respectively. 
Intense agglomeration of MWCNTs in Batch 2 composites deteriorated their mechanical 
properties and provided no strengthening effect as reinforcement.  
Figs. 15 c-d show the load-displacement curves and resultant mechanical properties of the 
TMCS prepared from the Batch 1, 2 and 3 powder mixtures containing 1.0 wt.% MWCNTs 
via SPS at 800 ̊C, respectively. The sintered composites prepared from the Batch 1 powder 
mixtures revealed 138 % increase in the nano hardness and only 33% increase in the elastic 
modulus as compared to sintered compact of CP-Ti. As discussed earlier, consolidation at 
higher temperature or composites containing high concentrations of MWCNTs (~1.0 wt. %) 
resulted in defect-enriched microstructures of the composites as shown in Fig. 14a. TiC 
content also increased with the agglomeration of un-reacted MWCNTs and lead to formation 
of cracks and defects. The sintered composites prepared from the Batch 2 powder mixtures, 
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containing 1.0 wt. % MWCNTs, revealed 82 % increase in the nano hardness and only 14% 
increase in the elastic modulus as compared to sintered compact of CP-Ti. Pre-agglomeration 
of MWCNTs in the Batch 2 powder mixtures and additional re-agglomeration during the SPS 
lead to formation of large pores, coarse TiC particles and defects in the composites as shown 
in Fig. 11b. The compressive properties of Batch 2 composites with 1.0 wt. % MWCNTs 
were found inferior to CP-Ti compact sintered under same conditions as shown in Figs.15e-f.   
The sintered composites prepared from the Batch 3 powder mixtures, containing 1.0 wt. % 
MWCNTs, revealed 113 % increase in the nano hardness and 23% increase in the elastic 
modulus as compared to sintered compact of CP-Ti. Shorter sintering times and hot 
compaction of Batch 3 powder mixtures during SPS resulted in re-agglomeration of un-
reacted MWCNTs which eventually resulted in formation large pores, coarse TiC particles 
and defects in the composites as shown in Fig. 11c. In addition to imperfections in the 
microstructures of composites containing 1.0 wt. % MWCNTs, the resultant compressive 
properties (Figs. 15a-b) of their Batch 1, 2 and 3 composites were reduced by 18%, 14% and 
15%, respectively when compared to Batch 1, 2 and 3 composites prepared under same 
conditions with 0.5 wt. % MWCNTs as shown in Fig. 16. These results show that 
agglomeration of MWCNTs in the Ti matrix adversely affect the microstructure and resultant 
mechanical properties of the TMCs.  
Figure 16 Effect of MWCNTs content on the compressive yield strength of TMCs. 
The mechanical properties of all sintered composites are listed in Table 2 and compared with 
the results reported in previous studies. The room temperature tensile tests were carried out to 
access the mechanical properties of the as-extruded Ti- 0.5 wt. % MWCNTs which were 
sintered via SPS at 800 ̊C and 900 ̊C. The fractures behavior and fractured surfaces of all three 
batches of TMCs prepared via SPS at different temperatures has been reported in previous 
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Table 2 Comparison of compressive properties of TMCs containing different weight fractions of MWCNTs and consolidated 
via pressure-less vacuum sintering and SPS at different sintering temperatures. 
 
Sample  
Compressive 
yield 
strength 
(MPa) 
 
 
Compressive 
strain (%) 
 
 
Average 
strengthening 
effeciency of 
MWCNTs in 
TMCs 
 (%) 
 
References 
• Composition  
• Sintering technique 
and temperature 
• Dispersion 
technique 
Batch 
• Ti- 0.5 wt. % (~0.86 
vol. %) MWCNTs 
• Vacuum sintering - 
1100°C 
• Dry HEBM & SBM 
CP-Ti 695 ± 10 40.4± 0.5 - 
This study 
Batch 1 822 ± 15 30.7 ± 0.6 +21 
Batch 2 782 ± 10 33.3 ± 0.9 +14 
Batch 3 920 ± 12 24.5 ± 0.6 +37 
• Ti- 0.5 wt. % (~0.86 
vol. %) MWCNTs 
• SPS- 800°C 
• Dry HEBM & SBM 
CP-Ti 737±10 39.2±0.5 - 
This study Batch 1 1028±13 33.4±1.4 +45 
Batch 2 885±10 28.8±0.8 +23 
Batch 3 1056±14 27.3±0.4 +50 
• Ti- 0.5 wt.% 
MWCNTs 
• SPS- 900°C 
• Dry HEBM & SBM 
CP-Ti 609±12 34.6±0.8 - 
This study 
Batch 1 802±13 28.3±1.2 +36 
Batch 2 777±10 30.8±2.5 +31 
Batch 3 861±11 30.3±1.2 +48 
• Ti-1.0 wt. % (~1.72 
vol. %) MWCNTs 
• SPS- 800°C 
• Dry HEBM & SBM 
CP-Ti 737±10 39.2±0.5 - 
This study 
Batch 1 847±17  30.1±0.3 +9 
Batch 2 635 ±28  16.2±0.7 -8 
Batch 3 899±44 28.3±0.4 +13 
• Ti- (0.6 wt. % and 
1.0 wt.% MWCNTs) 
• SPS- 550 °C 
• SBM 
CP-Ti 550 ~ 50  
- [28] 
0.6 wt.% 
MWCNTs 825 ~ 43 
1.0 wt.% 
MWCNTs 698 ~ 44 
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chapter. In order to further highlight the effect of MWCNTs agglomeration, the fracture 
surfaces of Batch 2 and Batch 3 TMCs containing 0.5 wt. % and 1.0 wt. % MWCNTs have 
been examined and shown in Fig. 17. SEM image of fracture surface of Batch 2 TMC 
containing 0.5 wt. % MWCNTs revealed agglomerated MWCNTs along with TiC particles as 
shown in Fig. 17a. SEM image of fracture surface of Batch 1 TMC containing 0.5 wt. % 
MWCNTs revealed agglomerated MWCNTs along with TiC particles. Cleavage of Ti matrix 
show the brittle fracture of the TMC and the crack initiation sites were characterised as 
transgranular facets in TiC particles and vicinity of unreacted MWCNTs clusters as shown in 
black arrows. Fracture surface of Batch 3 TMC containing 0.5 wt. % MWCNTs revealed well 
dispersed and de-bundled MWCNTs embedded in the Ti matrix with some re-agglomerated 
MWCNTs as shown in Figs. 17b-c. Bridging of MWCNTs in the Ti matrix was observed with 
few peeled off MWCNTs as shown by red arrows as shown in Fig.17c. It is assumed that 
dispersed and debundled MWCNTs in Ti matrix effectively strengthen the Ti matrix by 
bearing the compressive load and strong bonding between the dispersed MWCNTs and Ti 
matrix resulted in effective load transfer from the matrix to MWCNTs. The fracture mode of 
Batch 2 TMC was characterised by pull-out of MWCNTs from the Ti matrix and resultant 
cleavage of Ti matrix.  
 
 
 
 
Figure 17 SEM images of the fractured surfaces of fabricated Batch 2 and 3 TMCs containing 0.5 wt.% and 1.0 wt.% 
MWCNTs after compression testing: (a) Batch 2 containing 0.5 wt.% MWCNTs, (b) Batch 3 containing 0.5 wt.% MWCNTs, 
(c) high magnification image of selected region in (b) showing debundled and dispersed MWCNTs embedded in Ti matrix, 
(d) Batch 2 containing 1.0 wt.% MWCNTs with an inset showing coarse TiC dispersoids in Ti matrix, (e) Batch 3 containing 
1.0 wt.% MWCNTs, and (f) high magnification image of selected region in (e) showing clustering of unreacted MWCNTs in 
Ti matrix.  
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Figs 17d-f show the fracture surfaces of TMCs of Batch 2 and 3 containing 1.0 wt.% 
MWCNTs. Fracture surface of Batch 2 TMC containing 1.0 wt.% MWCNTs revealed
increased content of TiC as shown in inset of Fig. 14d. The presence of coarse TiC 
dispersoids in the vicinity of agglomerated MWCNTs resulted in poor bonding with ductile Ti 
matrix. Main failure mode was consisted of cleavage of Ti matrix and interfacial failure was 
observed in the fractured surface which became the main reason for the deterioration of 
mechanical properties of this Batch of TMCs.  Figs. 14e-f show the fracture surfaces of Batch 
2 TMC containing 1.0 wt. % MWCNT. Increased concentration of MWCNTs in the Ti matrix 
resulted in dispersion of their small clusters as indicated by red arrows in Fig. 14f. Presence of 
such clustered MWCNTs lead to poor bonding and weak interface with the Ti matrix. It is 
assumed that inadequately dispersed MWCNTs due to insufficient energy provided to their 
increased concentration in Ti matrix during the dispersion processing lead to the formation of 
solid solution by introducing interstitial carbon atoms in the Ti lattice. This is in agreement 
with the results reported in previous studies [17]. It is assumed that solid solution 
strengthening of TMCs by large concentration of MWCNTs is inferior to load transfer 
strengthening in Batch 3 TMCs containing 0.5 wt. % MWCNTs which revealed strong 
bonding and effective load-carrying behaviour of MWCNTs. Agglomeration of MWCNTs 
caused by increasing their concentration by 0.5 wt. % MWCNTs in Batch 3 TMCs reduced 
their strengthening efficiency by 37%.  
Figure 18 Mapping the effect of concentration and dispersion methods on the strengthening effeciency of MWCNTs 
in TMCs. 
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However, the strengthening efficiency of Batch 3 composites prepared via SBM was higher 
than same batch of TMCs prepared via dry HEBM routes. Fig. 18 shows the process map of 
the content and dispersion processing methods on the strengthening efficiency of MWCNTs 
in the fabricated TMCs of Batch 2 and Batch 3 via SPS.  
Fig. 19 shows the stress-strain curves obtained from the tensile tests of all three batches of 
TMCs. Compared to remarkable improvements in compressive properties of fabricated 
TMCs, strengthening efficiencies of MWCNTs in the extruded TMCs of all three batches 
were slightly inferior. This may be mainly due to a reason that MWCNTs performs better in 
compression due to effective load transfer from the surrounding matrix to the reinforced 
MWCNTs. These results are in agreement with the previously reported studies which 
elucidated that under tension, load from the surrounding matrix is majorly carried by the outer 
walls or layers of MWCNTs, whereas in compression load is effectively transferred to all 
layers of MWCNTs [29, 48]. Compared to strong VDW forces between individual MWCNTs, 
which provide them intense tendency to agglomerate, inter-tubular bonding in stacked layers 
within one MWCNT is relatively weaker due to which MWCNT layers may tend to slide and 
peel off with respective to other stacked neighbouring layers. Similar peeling behavior 
MWCNTs during the tensile loading conditions has been reported in previous studies [8, 49, 
50].  
Figure 19 Tensile stress-strain curves of as-extruded MWCNTs reinforced TMCs prepared from compacts sintered via SPS at 
different temperatures: (a) stress-strain curves of all three batches of extruded TMCs prepared from the compacts sintered 
at 800 ̊C via SPS with an inset showing as extruded bar from the compact, and (b) stress-strain curves of all three batches of 
extruded TMCs prepared from the compacts sintered at 900 ̊C via SPS with an inset showing tensile samples machined from 
the extruded bar. 
 The average values of 0.2 % yield strength (YS), elongation to failure and ultimate tensile 
strength (UTS) were quantified and summarized in Table 3. The YS and UTS of pure Ti as-
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extruded from compact sintered via SPS at 800 ̊C were measured as 535 MPa and 776 MPa, 
respectively. Batch 1 TMCs containing 0.5 wt. % MWCNTs and extruded from compact 
sintered in same SPS conditions revealed improvements in YS and UTS by 39% and 9%, 
respectively than that of CP-Ti. However, the elongation decreased from 16% to 7%, showing 
that strengthening in TMCs was achieved on the expense of ductility which may be attributed 
to formation of in situ TiC particles during consolidation stages. The average strengthening 
effeciency of MWCNTs in Batch 1 TMCs was measured 45%. Batch 2 TMCs extruded under 
 similar conditions revealed minor improvements in YS and UTS which were higher by 26% 
and 1% than that of as-extruded CP-Ti. The strengthening effeciency of MWCNTs in Batch 2   
extruded TMCs were measured 30% which was 15% lower than that of Batch 1 
TMCs. 
Table 3 Tensile properties of the as-extruded pure Ti and Ti-0.5 wt. % MWCNTs TMCs. 
 
This may be attributed to excessive agglomeration and deformation in MWCNTs which 
triggered interfacial reactions between deformed MWCNTs and surrounding Ti matrix as 
discussed earlier. Batch 3 TMCs revealed 35% and 6% improvements in YS and UTS, 
respectively than that of CP-Ti. The strengthening effeciency of MWCNTs in Batch 3 
extruded TMCs was measured as 40%, which was 10% higher than that of Batch 2 TMCs 
prepared under same consolidation conditions. Fig. 20 shows the effect of consolidation 
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Consolidation 
temperature 
during SPS 
Extruded 
sample 
0.2% YS 
(MPa) 
UTS 
(MPa) 
Elongation 
to failure 
(%) 
Average 
strengthening 
effeciency of 
MWCNTs in 
extruded TMCs 
(%) 
800°C 
CP-Ti 535± 6 776±9.1 16±0.3 - 
Batch 1 745±15 850±13.8 7±1.5 +45 
Batch 2 673±10 787±5.4 5±0.8 +30 
Batch 3 720±8 825±11.1 5±1.1 +40 
900°C 
CP-Ti 520 ± 9 743±6.1 11±1.2 - 
Batch 1 695 ± 11 830±8.2 4±0.5 +39 
Batch 2 621 ± 6 725±2.5 2±0.8 +23 
Batch 3 678±5 779±13.7 4±0.2 +35 
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conditions during SPS on the tensile yield strength of all three batches of as-extruded TMCs. 
The tensile yield strength of as-extruded TMCs of all three batches prepared from the 
compact sintered at 900 ̊C gradually decreased by 7%, 8% and 6% for Batch 1, Batch 2 and 
Batch 3 TMCs, respectively. As discussed earlier, this is mainly due to re-agglomeration of 
MWCNTs at elevated sintering temperature which adversely affected their strengthening 
efficiencies as reinforcements in extruded TMCs. The strengthening efficiencies were 
measured as 39%, 23% and 40% for Batch 1, Batch 2 and Batch 3 extruded TMCs, 
respectively. This shows that re-agglomeration of MWCNTs in TMCs affected their 
strengthening effeciency by 6% by increasing the temperature from 800 ̊C to 900 ̊C during 
SPS. The improvements and degradation of mechanical properties in TMCs will be discussed 
in detail in conjunction with the strengthening mechanisms in later section. 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 Effect of sintering temperature during SPS on the tensile yield strength of as-extruded TMCs of all three batches. 
 Fig. 21 shows the fractured surfaces of failed tensile samples of extruded Ti- 0.5 wt. % 
MWCNTs TMCs of all three batches hot extruded from the compacts sintered at 800 ̊C via 
SPS. Compared to Batch 2 and Batch 2 extruded TMCs, SEM image of the fracture surface 
of Batch 1 TMC revealed fine dimples which is attributed to ductile failure as shown in Fig. 
21a. Fine TiC particles with an average size of 1-1.5 µm were observed in the dimples 
which were embedded in the Ti matrix as shown by white arrows. The inset in Fig.21a 
shows a high magnification image of selected area in which uniformly distributed MWCNTs 
in the Ti matrix can be clearly observed as indicated by black arrows. Higher strengthening  
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 effeciency of 45% was achieved in this batch of TMCs which are attributed to uniformly 
distributed TiC particles and embedded MWCNTs carried the load from the surrounding Ti 
matrix. Fig. 21b shows fracture surface of Batch 2 extruded TMC after tensile failure. Large 
TiC particles were observed in Ti matrix as shown by white arrows. Crack initiation sites 
were characterised as flat transgranular faces in the embedded TiC particles as indicated by 
yellow arrows. 
Inset of Fig.21a shows a high magnification SEM image in which unreacted MWCNT 
agglomerates in the Ti matrix can be seen as indicated by black arrows. Presence of such 
unreacted MWCNTs agglomerates triggered the micro-crack initiation sites which show a 
weak bonding between aggregated MWCNTs, TiC particles and surrounding Ti matrix. These 
agglomerated MWCNTs reduced the strengthening effect in TMCs by 15% as compared to 
Batch 1 TMCs as discussed earlier. Fig. 21c shows the fracture surface of Batch 3 extruded 
TMC. Inset of Fig.21 shows a high Magnification image of selected area which shows aligned 
MWCNTs embedded in a soft Ti matrix. Similar behavior of MWCNTs was found in this 
Batch of TMCs after the compression tests as shown in Fig. 17c.  
Figure 21 Fracture surfaces of failed tensile samples of all three batches of TMCs extruded from compacts fabricated via 
SPS at 800 ̊C. 
 
Dispersed, debundled and aligned MWCNTs improved their bonding with the Ti matrix 
which effectively transferred the load from the Ti matrix to reinforced MWCNTs. The 
strengthening effeciency of this batch of TMC was found 10% higher than Batch 2 TMCs 
processed under same conditions.  These detailed strengthening effects in TMCs will be 
discussed in later section.  
3.6 Strengthening mechanisms in CNTs reinforced TMCs 
Strengthening of metal matrices by the addition of CNTs can be attributed to different 
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 mechanisms which play a synergetic role in defining the strength of the composites. These 
mechanisms are categorized as: (i) grain refinement in metal matrix due to pinning effect of 
CNTs [17, 51], (ii) dispersion strengthening of metal matrix by the dispersed CNTs,[52, 53] 
(iii) solution strengthening by introduction of interstitial carbon, oxygen and nitrogen atoms 
in the lattice of metal atoms [17], (iv) prismatic punching of dislocations at the metal/CNT 
interface which lead to work hardening of the matrix which is due to thermal mismatch 
between the metal and CNTs [7, 53], (v) formation of uniformly distributed fine metal 
carbide dispersoids in the metal matrix which strengthens the metal matrix by Orowan 
looping [11, 17], and (vi) load transfer from the matrix to CNTs by an interfacial shear stress 
which utilizes the stiffness of CNTs [7, 8].  Fig. 22 shows the role of various strengthening 
mechanisms in CNTs reinforced TMCs. CNTs reinforced TMCs generally depict hybrid 
strengthening mechanisms generally based on the dislocation theories as reported in 
previous studies [34]. This makes it considerably important to characterize the plastic 
deformation region in tensile stress-strain curves. In this study, the Ti-0.5 wt. % MWCNTs 
TMCs of all three batches did not show much plasticity which may be attributed to low 
extrusion ratio (9:1) selected in this study due to limitation of graphite die during SPS of 
powder mixtures. It has been reported in a US patent by Abkowitz et al.[54] that powder 
metallurgy TMCs with extrusion ratios higher than 9:1 (20:1 to 40:1) enhances their 
ductility by 400%. Therefore, in order to imply simplicity in quantitatively determining the 
role of each strengthening effect on 0.2% YS obtained from compression tests, vacuum 
sintered TMCs of all three batches were characterised.  
 
 
 
 
 
 
 
 
 
Figure 22 Strengthening mechanisms in CNTs reinforced TMCs 
The contribution of grain refinement (σGR) in 0.2% YS of CNTs reinforced TMCs can be 
evaluated using a Hall-Petch relationship [55, 56].   
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𝝈𝑮𝑹 =  𝝈𝒐 + 𝒌𝑫 −𝟏/𝟐     (3) 
Where, ϭo is a constant stress and k is the materials constant, D is the average grain size of the 
TMCs. The constant stress (ϭo) and material constant (k) values for pure Ti have been 
reported in previous studies as 172.5 MPa and 18 MPa/mm-1/2 [17, 57].  Fig. 23 shows the 
optical microscope (OM) images of vacuum sintered CP-Ti and all three batches of CNTs 
reinforced TMCs. Grain sizes of CP-Ti and Batch 1, 2 and 3 TMCs were measured using 10 
OM images using the standard line-intercept method and mean values were measured as 
17.12 µm, 5.24 µm, 13.52 µm, and 11.25 µm, respectively. Keeping the grain size of CP-Ti as   
standard value, the grain refinement effect on 0.2% YS of Batch 1, 2 and 3 TMCs containing 
0.5 wt. % MWCNTs was calculated as 29.38 MPa, 28.72 MPa and 28.82 MPa. The grain 
refinement in Batch 1 TMCs may be attributed to higher impact energy (~73W) delivered to 
charged powders, embedded MWCNTs into the Ti particles and in situ formation of TiC 
which were discussed in our previous studies [14, 36]. The obtained values from the grain 
refinement along with other strengthening factors in CNTs reinforced TMCs of all three 
batches were also summarized in Table 4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 23 Optical microscope images of vacuum sintered CP-Ti and all three batches of CNTs reinforced TMCs: (a) 
CP-Ti, (b) Batch 1, (c) Batch 2, and (d) Batch 3. 
The dislocation in TMCs may also generate during the composite processing stages due to 
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differences in coefficients of thermal expansion s (CTE) of reinforced MWCNTs (1-2x10-6 K-
1) [34] and surrounding Ti matrix (8.5x10-6 K-1) [58]. Due to this thermal mismatch, 
dislocations in TMCs generate during the composite processing stages which incorporates the 
strengthening in fabricated TMCs. This contribution of such thermal mismatches 
strengthening (ΔϭYS-TMC (T.M)) in yield strength of TMCs can be quantified using [59, 60]: 
 
𝜟𝝈𝒀𝑺−𝑻𝑴𝑪 (𝑻.𝑴)  =  𝒌𝑮𝒃� 𝟏𝟐∆𝑻𝒃(𝟏−𝑽𝑴𝑾𝑪𝑵𝑻) �∆𝑪𝑽𝑴𝑾𝑪𝑵𝑻𝒅𝑴𝑾𝑪𝑵𝑻 �   (4) 
Where, k is the materials constant approximately equal to 1.25 [59], G is the shear modulus of 
Ti matrix (~45 GPa for Ti),  b is the Burgers vector (=0.289 nm for Ti) , ΔT is the difference 
between the processing and testing temperatures (=1075 K), ΔC is the difference in CTE and 
VMWCNT is the volume fraction of MWCNTs in Ti matrix (0.86 vol.% for 0.5 wt.% MWCNTs), 
and d MWCNT is diameter of reinforced MWCNTs  (=   ~10-30 nm).  
The calculated values of YS for 0.5 wt. % MWCNTs reinforced TMCs by adding contribution 
to thermal mismatch is 158.72 MPa by considering 0.5 wt. % MWCNTs of outer diameter 30 
nm. Similarly, the contribution in YS by thermal mismatch reaches to 274.91 MPa by using 
10 nm MWCNTs. 
These calculations show that incorporation of nano-reinforcements in in Ti matrices play an 
important strengthening role in the YS of fabricated TMCs. This is mainly due to prismatic 
punching of dislocations at the Ti/MWCNT interface, which lead to work hardening of the Ti 
matrix.  
Orowan strengthening or dispersion strengthening is another factor which contributes to work 
hardening of the metal matrix by inhibiting the motions of dislocations by nano-sized CNTs 
reinforcements. Our previous studies on MWCNTs reinforced TMCs have elucidated the 
improvements in mechanical properties of TMCs because of uniform dispersion of MWCNTs 
in the Ti matrix [14, 15]. During the plastic deformation, the dislocations bow out between the 
dispersed CNTs form Orowan loops to resist those dislocations which results in work 
hardening of the Ti matrix. This contribution of such Orowan or dispersion strengthening 
(ΔϭYS, Orowan)) in yield strength of TMCs can be quantified using [53, 61]: 
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𝜟𝝈𝒀𝑺,   𝑶𝒓𝒐𝒘𝒂𝒏  =  𝟎.𝟖 𝑴𝑮𝒃𝟐𝝅�𝟏−𝜸 𝐥𝐧𝒅𝒑𝒃�𝝀−𝒅𝒑�     (5) 
Where, M is the Taylor factor (3.1 for a-Ti) [62], G is the shear modulus of Ti matrix (~45 
GPa for Ti),  b is the Burgers vector (=0.289 nm for Ti), dp is diameter of reinforced 
MWCNTs  (=   ~10-30 nm), υ is the Poisson’s ratio of Ti matrix (0.37), and λ is the inter-
particle distance of dispersed MWCNTs in Ti matrix.  For spherical shaped particles, CNTs or 
TiC particles, the inter-particle distance can be evaluated using [63]: 
𝜆 =  1
2
𝑑𝑝�
3𝜋
2𝑉𝑀𝑊𝐶𝑁𝑇𝑠
      (6) 
For rod shaped CNTs where their length is highly greater than their diameter (l 
MWCNT>>dMWCNT), the inter-particle distance can be evaluated using [64]: 
𝜆 =  𝑑𝑝� 𝜋2𝑉𝑀𝑊𝐶𝑁𝑇𝑠       (7) 
As discussed earlier, CNTs tend to retain rod shape structure in Batch 1 and 3 powder 
mixtures as shown in Figs.3 and 12. However, due to severe agglomeration, MWCNTs in 
Batch 2 TMCs do no provide their characteristic 3D graphitic structure and large aspect ratios 
for carrying the load from the Ti matrix as shown in Figs.3f-g and 12c.  The calculated values 
of YS for 0.5 wt. % MWCNTs reinforced TMCs by adding contribution to Orowan 
strengthening is 80 MPa by considering 0.5 wt. % MWCNTs of outer diameter 30 nm with 
rod shape morphology. Similarly, the contribution in YS by thermal mismatch reaches to 
183.18 MPa by using 10 nm diameter MWCNTs. This shows an increase on Orowan 
strengthening by 129% by reducing diameter of nano-reinforcement by 67%. The calculated 
values of YS for 0.5 wt. % MWCNTs reinforced Batch 2 TMCs by adding contribution to 
Orowan strengthening is 93.52 MPa by considering 0.5 wt. % MWCNTs of outer diameter 30 
nm with spherical shaped nano particles. Similarly, the contribution in YS by thermal 
mismatch reaches to 214.17 MPa by using 10 nm spherical reinforcements. In addition to 
Orowan strengthening in TMCs by CNTs, the in situ formed fine TiC dispersoids play an 
important role in improvement in YS of the TMCs. Our previous studies have evaluated 
fractions and sizes of these TiC particles embedded in the soft Ti matrix [14, 15]. Average 
size of TiC particles were measured 1.88 µm, 6.56 µm and 2.13 µm for Batch 1, 2 and 3 
TMCs, respectively. These fine TiC dispersoids provide a pinning and dispersion 
strengthening effect in fabricated TMCs. Taking into account the rod shaped fine TiC 
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particles in Batch 1 and 3 TMCs and coarse-spherical TiC particles in Batch 2 TMCs, their 
particles in Batch 1 and 3 TMCs and coarse-spherical TiC particles in Batch 2 TMCs, their 
strengthening contributions in TMCs were calculated as 4.80 MPa, 3.23 MPa, and 4.51 MPa 
for Batch 1, 2 and 3 TMCs, respectively. Coarse and aggregated TiC particles in Batch 2 
TMCs attributed to poor dispersion and high defect concentration of MWCNTs in 
consolidated TMCs which lead to lower pinning effect as compared to Batch 1 and 3 TMCs.  
The load transfer from the metal matrix to reinforcement can be evaluated using shear lag 
model as suggested by Kelly and Tyson which is generally used to evaluate the yield strength 
of fiber-reinforced composites [65]. Their proposed shear lag model takes into account the 
interfacial shear stresses which transfer the applied stress to the reinforcements. Our previous 
studies on CNTs reinforced TMCs have reported the formation of in situ TiC layer around the 
MWCNTs which enhanced the mechanical properties of TMCs by improving the 
microstructure of the composites [14, 15].  The load bearing contribution of CNTs (ΔϭYS, LT)) 
in yield strength of TMCs can be evaluated using [66]:  
 
𝛥𝜎𝑌𝑆,   𝐿𝑇  = 𝜎𝑌𝑆,𝑇𝑖  ��𝑉𝑀𝑊𝐶𝑁𝑇𝑠 �𝐴𝑅𝑒𝑓𝑓+2 2 �+ 𝑉𝑇𝑖� − 1�   (8) 
 
Where, ΔσYS, LT is the contribution of load bearing ability of CNTs in the yield strength of 
TMCs, σYS,Ti is the yield strength of Ti matrix; VMWCNT and VTi are the volume fractions of 
MWCNTs and Ti, respectively. AReff is the effective aspect ratio of MWCNTs.  
As discussed earlier large aspect ratios of MWCNTs (100-300 in this study) impedes their 
uniform dispersion in the Ti matrix and also may also result in re-agglomeration of 
entanglements due to strong van der Waals forces present between individual MWCNTs. The 
obtained values from the shear lag model for all three batches of TMCs are summarized in 
Table 4.  
The yield strength of the fabricated TMCs was calculated by shear lag model using different 
values of aspect ratios (100-300) of MWCNTs. As discussed earlier, the dispersion processing 
of MWCNTs in of all three batches of TMCs was controlled by optimizing the process 
parameters and dispersion methods. Previous studies on identifying the contribution of carbon 
solid solution interstitial atoms in Ti matrices elucidated that solubility of carbon in a-Ti is 
only 0.05 wt. % [17, 67]. Solid solution strengthening by carbon interstitial atoms contributes  
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up to 7 MPa per 0.01 wt. % carbon. In this regard, strengthening contribution in 0.2% YS of 
TMCs by carbon solute can be calculated as 35 MPa for all thee batches of TMCs.  
It is worth noting that aspect ratio of MWCNTs govern the load transfer ability of MWCNTs 
in the fabricated TMCs. After considering the key strengthening mechanisms (discussed 
earlier in this section), the improvement in the YS of TMCs due to load transfer to MWCNTs 
was calculated by subtracting the improvements in YS from grain refinements, thermal 
mismatch, Orowan looping by CNTs, Orowan looping by dispersed TiC dispersoids and 
solution strengthening of carbon atoms.  
The load transfer to MWCNTs from the Ti matrix was calculated as 514.1 MPa for Batch 1 
TMCs. As discussed earlier, Batch 1 TMCs contained in-situ formed TiC nanorods during the 
dispersion processing which enhanced the strengthening efficiency of MWCNTs up to 21%. It 
can be assumed from the prediction of yield strength values by shear lag model, that in Batch 
1, 2 and 3 TMCs effective aspect ratio of MWCNTs can be calculated as 176.93, 169.56, and 
210.67, respectively. It is assumed that effective de-bundling and dispersion of MWCNTs in 
Batch 3 TMCs improved their strengthening efficiency by 37% as measured in earlier section.  
Table 4   Quantitative evaluation of the contributions of synergetic strengthening mechanisms on 0.2% YS of TMCs 
containing 0.5 wt. % MWCNTs 
 
 
 
 
 
 
 
 
 
 
 
With the perspective of load-bearing capabilities of MWCNTs in TMCs, so far no conclusive 
study has been carried out to investigate the full potential of these nano-reinforcements in 
TMCs. From the aforementioned results, the strengthening efficiency of MWCNTs has been 
calculated in different scenarios, with and without in situ formation of TiC, effective de- 
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bundling and uniform dispersions during the dispersion processing, and in situ TiC formation   
bundling and uniform dispersions during the dispersion processing, and in situ TiC formation   
and TiC particle sizes during the high temperature consolidation processing via pressure-less 
vacuum sintering and SPS.  
4 Conclusions 
 
The strengthening efficiency of MWCNTs in TMCs synthesised by different dispersion and 
consolidation techniques and synergetic strengthening mechanisms including, grain 
refinement, thermal match, Orowan looping by nano-reinforcements, dispersion strengthening 
by in situ formed TiC dispersoids, solid solution strengthening and load transfer strengthening 
were discussed in this study. The strengthening efficiency of MWCNTs was improved when 
their characteristic graphitic structure and aspect ratio were retained during the dispersion and 
high temperature consolidation processing stages during the fabrication of TMCs. The 
increase content of MWCNTs in TMCs deteriorated the mechanical properties by adversely 
affecting the strengthening efficiency of MWCNTs due to their increased agglomeration in 
fabricated composites. The agglomerated MWCNTs in TMCs triggered the generation of 
defects in their graphitic structure and coarse TiC particle which deteriorate the 
microstructures of TMCs. In addition to that, unreacted and agglomerated MWCNTs in 
TMCs resulted in the development of poor metal-reinforcement interfaces due to their thermal 
mismatch and incompatible mechanical properties which eventually become preferential 
crack initiation sites in fabricated TMCs. Evaluation of strengthening efficiencies of CNTs 
and contribution of various strengthening mechanisms in TMCs present insights to optimize 
the processing parameters generally selected to fabricate CNTs reinforced MMCs. 
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9.1. Conclusions
 
9.2. Suggestions for future studies  
 
 
 
 
Chapter Overview 
 
The objective of this chapter is to summarise the general conclusions and explain how 
the different dispersion processing and consolidation factors explored in the current 
work can be helpful to develop a better understanding on the development of high 
strength CNTs reinforced TMCs. Finally, recommendations for future work are 
presented at the end of this chapter.  
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9.1 Conclusions 
 
The investigation of the evolution of CNTs, and their interactions with the metal matrices 
during various composite processing stages, is an important issue in the development of high 
strength metal matrix composites. CNTs have been emerged as promising reinforcement 
materials for TMCs, yet there is no consensus on standardised methods or selection of 
processing parameters during their dispersion and consolidation into the metal matrices. The 
interfacial phenomenon in CNTs reinforced MMCs is a challenging area in which different 
research groups have conflicting opinions whether to promote or inhibit the interfacial 
interactions between CNTs and Ti matrix. These approaches make it difficult to understand 
the actual strengthening mechanisms incorporated by the additions of such nano-
reinforcements in metal matrices. The focus of the present study was to investigate the effect 
of different processing factors during the dispersion and consolidations stages on the evolution 
of CNTs. The results obtained from these studies have been described and discussed in detail 
in earlier Chapters 3-8. This chapter highlights the main conclusions that have been drawn 
from this research.  
Achieving a uniform dispersion of CNTs into the Ti matrix is one of the key initial steps in the 
development of high strength TMCs prepared via powder metallurgy routes. The critical 
parameters involved in the dispersion processing via ball milling including milling speed, 
milling time, milling environment and addition of surfactants were shown to affect the 
characteristic graphitic structure and subsequent dispersion of CNTs into the Ti metal matrix 
which have been discussed in Chapter 4. Conclusions from these studies are as follows: 
1. Harsh milling conditions created structural disorders such as non-sp2 defects in the 
form of open edges and vacancies in C–C system of CNTs. The nano-structural 
evolution of CNTs during different milling processes was investigated by Raman 
spectroscopy and high resolution TEM studies. With the help of these characterisation 
techniques, defects generated in the graphitic structure of CNTs were quantitatively 
evaluated and characterised.  
2. High milling speeds, i.e., 200 rpm and longer milling times (4 h) resulted in in-situ 
formation of TiC nanorods during HEBM. Whereas, low milling speeds i.e., 150 rpm 
were not effective in improving the dispersion of CNTs into the Ti matrix which also  
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increased defect concentration in agglomerated CNTs. The characteristic ID/IG ratio in 
milled CNTs was increased by 107% as compared to the ID/IG ratio of as-received 
CNTs.  
3. Addition of SA as a surfactant in Ti-CNTs powder mixtures during the 
dispersion processing improved the dispersion of CNTs into the Ti matrix. 
However SA introduced nano-structural defects in the graphitic structure of 
CNTs. Decomposition of SA at high milling speeds, i.e. 200 rpm, triggered the 
cold welding of Ti particles and subsequent in-situ formation of TiC nanorods.  
Dry HEBM conditions resulted in an inadequate de-bundling and dispersion of CNTs 
clusters in the metal matrix which adversely affected their structural integrity. On the 
other hand, high milling speeds as long milling durations resulted in in-situ formation of 
TiC nanorods as discussed in Chapter 4. This established a requirement to develop a 
cost effective dispersion method which can preserve the characteristic sp2 C-C network 
in CNTs in addition to improvement in their de-bundling and uniform dispersion into 
the Ti matrix. As a result SBM method was developed which improved the de-bundling 
and dispersive behavior of CNTs with minimized defects induced to their characteristic 
graphitic structure which has been discussed in Chapter 5. The mechanical properties of 
TMCs synthesised via SBM dispersion processing were significantly improved 
compared to the TMCs synthesised via dry HEBM. The key conclusions from this part 
of study are as follows: 
1. Sonication assisted ball milling of the Ti-MWCNTs powder mixtures resulted 
in a homogenous and uniform dispersion of MWCNTs in the Ti matrix which 
improved the microstructure by developing a defect free matrix-reinforcement 
interface and improved the mechanical properties of TMCs. 
2. Sonication energy of 19.2 J/ml was found sufficient to de-bundle the as-
received agglomerated CNTs after sub-sequent SBM process. The defects in 
CNTs were reduced by 25% compared to CNTs in TMCs processed by dry 
HEBM under similar conditions.  
3. Compared to consolidation via pressure-less vacuum sintering de-bundled 
CNTs in Ti powder mixtures synthesised via SBM were re-agglomerated 
during high temperature consolidation via SPS due to thermo-mechanical 
processing conditions.  
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4. The elastic modulus and nano-hardness of SBM processed TMCs were significantly 
enhanced by 89% and 192 %, respectively, as compared to CP-Ti processed under 
similar conditions.   
The quantification and investigation of the effect of impact energy provided to the CNTs 
during dispersion processing and its correlation with characteristic sp2 C-C network in CNTs, 
resultant microstructures, interfacial reactions, and resultant mechanical properties of the 
synthesised TMCs are important for a development of optimised processing parameters 
involved in fabrication of TMCs. These results have been discussed in Chapter 6 which 
showed that in-situ formation of TiC during HEBM at higher milling energies exerts a 
positive strengthening effect on the as-sintered TMCs as opposed to the TMCs prepared from 
the powder mixtures without in-situ TiC during HEBM at low milling energies. The key 
conclusions from this study are as follows: 
1. At higher milling energy of 73.20 W, homogenous in-situ TiC layer forms around the 
CNTs which improves their wettability and dispersion into the surrounding Ti matrix. 
2. Uniformly distributed fine TiC dispersoids (<2 µm) in TMCs results in development 
of defect-free microstructure which enhances the densification of TMCs during high 
temperature consolidation stages.  
3. In-situ formation of TiC layers around CNTs during dispersion processing enhances 
the load-bearing capabilities of CNTs. Uniformly distributed fine TiC particles in 
TMCs improved the elastic modulus and nano-hardness of TMCs by 86% and 207%, 
respectively, as compared to CP-Ti.  
Chapters 4-6 discussed the role of  impact energy provided to the powder mixtures during 
HEBM process which was optimised to disperse  0.5 wt. % MWCNTs into Ti matrix in two 
controlled ball milling processes: with and without in-situ formation of TiC during HEBM 
and SBM dispersion processing methods. Further investigations were made in Chapter 7 to 
investigate the evolution of CNTs into the TMCs consolidated with short sintering times via 
SPS. Crystallinity of CNTs, interfacial reactions, microstructures and resultant mechanical 
and tribological properties of TMCs prepared via SPS at different processing conditions have 
been discussed in detail. The interfacial reactions between MWCNTs and Ti matrix were 
controlled by retaining the crystallinity and sp2 carbon network of the MWCNTs even at high 
sintering temperature of 800 ̊C, which enhanced their compressive strength up to 1056 MPa 
with a compressive strain of 27.31%. The key conclusions from this study are as follows:
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1. Well de-bundled, dispersed, and very low weight fractions (~0.5 wt. %) of 
MWCNTs in Ti matrix improved the compressive strength of the TMCs up to 
1056 MPa with a moderate compressive strain, 27.31%. However, 
agglomeration of MWCNTs occurred at elevated sintering temperatures (~900 
°C) which triggered and enhanced the in-situ interfacial reactions between 
defected CNTs and Ti matrix, eventually leading to a gradual decline in the 
compressive strength and tribological properties of the fabricated TMCs. 
2. De-bundled CNTs and limited interfacial reactions with surrounding Ti matrix 
improved the tribological properties of TMCs by 70% than that of CP-Ti 
processed and tested under similar conditions.   
3. The short sintering times and high temperature solid state sintering process 
make SPS a promising consolidation technique to fabricate TMCs with 
promising properties. A process map was developed for the selection of the 
processing parameters for tailored properties of the TMCs.  
The evaluation of strengthening efficiency of CNTs reinforced in TMCs is an important step 
in establishing an understanding to quantitatively determine their role as reinforcement in the 
composites. This involves a critical overview of the various processing techniques, their key 
parameters and an investigation of synergetic strengthening mechanisms that play key roles in 
determining the mechanical properties of fabricated CNTs reinforced TMCs. A detailed 
discussion has been made in Chapter 8 to highlight the importance of improving the 
strengthening efficiency of reinforced CNTs in TMCs by selecting the optimised parameters. 
They hybrid strengthening mechanisms, e.g., grain refinement, thermal match, Orowan 
looping by nano-reinforcements, dispersion strengthening by in-situ formed TiC dispersoids, 
solid solution strengthening by carbon atoms and load transfer strengthening were discussed 
in this study. The key conclusions are as follows: 
1. The strengthening efficiency of CNTs in TMCs was increased from 14% to 37% 
when their characteristic graphitic structure and aspect ratio were retained during 
the dispersion processing and consolidation via high temperature pressure-less 
vacuum sintering stages. It further increases to 50% when consolidated by an 
optimised thermo-mechanical processing route via SPS. 
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2. The increased content of CNTs (~ 1.0 wt. %) in TMCs deteriorated the mechanical 
properties of TMCs by adversely affecting the strengthening efficiency of reinforced 
CNTs. The strengthening effeciency of CNTs was primarily affected due to the 
increased defect concentration in their graphitic structure caused by their re-
agglomeration during the high temperature consolidation stages.    
This study provides insights to effect of various processing parameters on the evolution of 
CNTs, microstructures of fabricated TMCs, and their resultant mechanical properties. For the 
first time, in situ formation of TiC nanorods during the dispersion processing has been 
reported in this study. The energies provided to CNTs during dispersion were quantified and a 
relationship was established with their evolution, dispersion, microstructures, and mechanical 
properties of fabricated TMCs. The strengthening mechanisms in fabricated TMCs were 
quantified and their contributions were highlighted. These strengthening mechanisms can be 
tuned by optimizing the processing parameters during dispersion and consolidation of CNTs 
reinforced TMCs.  
9.2 Suggestions for future studies 
The inferences drawn from this study have been attained from somewhat limited (due to time 
and resources constraints) combination of dispersion and consolidation techniques. Further 
studies are required to extend the contribution of this thesis to establish a better understanding 
of the subject. Some recommendations for future research, to improve our knowledge of the 
various processing factors involved during the dispersion and consolidation stages as well as 
more detailed quantitative evaluation of the strengthening mechanisms addressed in this 
thesis, are summarised in this section. 
The results from dispersion processing methods adopted in this study show that 80-90 % 
structural defects originate in characteristic sp2 C-C network of CNTs during the dispersion 
processing stages.  These defect sites in CNTs adversely affect their reinforcing efficiency in 
TMCs.  Further studies can be carried out to help characterising and minimising these induced 
defects in CNTs by developing novel dispersion processing methods. Some recommendations 
to study these factors are as follow: 
1. CNTs tend to agglomerate due to their large aspect ratios, enormous surface areas, 
nano size dimensions and presence of strong van der Waals forces among the 
individual CNTs within the agglomerate. It would be interesting to perform 
experiments to quantify changes in surface area, aspect ratios, and resultant
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attractive van der Waals forces in CNTs after different dispersion methods.  This 
information would be beneficial for identification of an ideal method to disperse 
such nano-reinforcements in TMCs without damaging or affecting their 
structural integrities. With such a methodology, it would be interesting to 
establish a correlation with process variables used in the dispersion processing, 
quantify, and compare the resultant strengthening efficiency of CNTs in TMCs 
with existing literature.   
2. Although this study attempted to improve the dispersion of CNTs in TMCs by 
investigating the role of stearic acid, and ethanol solvent as PCA. Further studies 
can be carried out to improve the knowledge by using various other surfactants, 
i.e., sodium dodecyl sulphate (SDS), octyl phenol ethooxylate (Triton-X100), 
and dodecylbenzenesulfonate (SDBS) etc., on the dispersive behavior of CNTs 
in metal matrices while exploring the various dispersion methods  
3. CNTs are hydrophobic in nature and their wetting with hydrophilic Ti matrix is a 
challenge in achieving a defect free microstructure. In this study, various 
dispersion and consolidation processing conditions were investigated to correlate 
the microstructures with the mechanical properties of CNTs reinforced TMCs. 
Further studies can be conducted to modify the surface of CNTs by attaching 
various functional groups or decorating CNTs with nano-particles to aid their 
dispersion and quantifying their resultant strengthening efficiencies in TMCs.  
4. The mechanical and functional properties of CNTs reinforced TMCs are strongly 
linked with the orientation of CNTs distributed in the metal matrices. This study 
elucidated that defected, entangled and agglomerated CNTs adversely affect the 
mechanical properties of the composites. CNTs tend to align in metal matrices 
during various deformation processing methods, e.g., hot extrusion, cold or hot 
rolling etc.; however, these secondary processing methods induce structural 
defects in CNTs and also decrease their charactsitic aspect ratios by shortening 
their lengths. Further studies can be carried out to investigate the dispersive and 
alignment behavior of CNTs during dispersion processing, i.e., ball milling, by 
employing an electro-magnetic fields in a ball mill. It would be interesting to see 
if CNTs align themselves in the direction of strategically induced electro- 
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magnetic fields. This can be achieved by introducing an application of AC electric 
field by using several electrodes mounted on the milling vial in a ball mill. The CNTs 
concentration, strength and frequency of electro-magnetic field would determine the 
quality of alignment and dispersion of CNTs into the metal matrix.  
5. This study elucidated that the mechanical properties of TMCs can be improved by 
addition of small quantities of CNTs and correlations were developed to improve the 
strengthening effeciency of the reinforced CNTs in TMCs. It would be interesting to 
perform an in-situ nano-probe manipulation in TEM to validate mechanical properties 
of the nano-reinforcements e.g., CNTs, in advance before their addition in TMCs. 
6. The strengthening efficiency of CNTs was adversely affected by increasing their 
content (1 wt. %) in TMCs due to their pre-agglomeration and re-agglomeration during 
the high temperature consolidation stages. The Ti-1 wt. % CNTs powder mixtures 
were processed under same energy levels which were used in dispersing 0.5 wt. % 
CNTs into Ti matrices. Further investigations covering a wide range of CNTs 
concentrations in TMCs can be processed by optimising the energy levels and 
dispersion methods used in this study.  
7. The hybrid strengthening mechanisms which are likely to govern the mechanical 
response of CNTs reinforced TMCs have been discussed and quantified in this study 
using various mathematical approaches. Further work to explore critical strengthening 
mechanisms in CNTs reinforced TMCs using novel correlations and mathematical 
models can be made which would be helpful in exploring how the studied concepts 
could be applied in further optimisation of processing factors for developing CNTs 
reinforced TMCs.   
8. The composites fabricated in this study were primarily consolidated via pressure-les 
vacuum sintering, SPS and secondary processing via hot extrusion. These consolidated 
compacts further required to be machined into actual parts. Taking into account of the 
associated high costs of machining for Ti-based composites, further studies can be 
conducted to develop actual near net-shape complex CNTs reinforced Ti parts for 
various engineering applications from developed Ti-CNTs powder mixtures using 
additive manufacturing techniques, e.g., selective laser melting (SLM).  
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Chapter Overview 
 
The ultra-high mechanical and functional properties of CNTs are generally 
attributed to presence of strong sp2 hybridized carbon-carbon bonds present in 
their graphitic structures. In order to fully utilize the potential of CNTs as nano-
reinforcements in MMCs, any damages to their characteristic graphitic 
structures should be minimized. This study is devoted to critically review the 
existing literature and to highlight the significance of development of optimized 
mechanical dispersion processing methods and subsequent characterization of 
sp2 carbon network in CNTs in the metal matrices via Raman spectroscopy.   
This work has been published in Critical Reviews in Solid State and Materials Sciences, 
2016. 
 
K.S. Munir and C. Wen, Deterioration of strong sp2carbon network in carbon 
nanotubes during the mechanical dispersion processing. Critical Reviews in Solid State 
and Materials Sciences 41 (5), 347-366, 2016. 
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Deterioration of the Strong sp2 Carbon Network in Carbon Nanotubes during the
Mechanical Dispersion Processing—A Review
Khurram S. Munir and Cuie Wen
School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University, Melbourne, Victoria, Australia
ABSTRACT
The unique mechanical, thermal, and electrical properties of carbon nanotubes (CNTs) make them
an ideal reinforcement for the metal matrix composites (MMCs). The successful incorporation of
CNTs as reinforcement in MMCs can result in the development of lightweight and high-strength
structures which can eventually result in weight savings for the automobile and aerospace
industries. In the last two decades extensive research has been carried out to improve the
dispersion of CNTs in metal and polymer matrices. Challenges remain to effectively disperse CNTs
within the matrix materials with minimal damage during the composite processing stages. The
ultra-high Young’s modulus and other superior mechanical and thermal properties of CNTs have
been attributed to the strong sp2 carbon-carbon (C-C) bonds present in their structures. In order to
fully utilize the unique properties of CNTs as reinforcement, damages to CNTs in the form of
damaging these sp2C-C bonds have to be minimized. A variety of processing techniques have been
developed to fabricate CNTs reinforced MMCs but mechanical alloying (MA) via powder metallurgy
(PM) is most widely used process to develop the nano-composites. The role of processing variables
during PM and their effects on the structural integrity of CNTs have been reviewed in this work.
Governing principles to predict the mechanical properties of CNTs with incorporating the key
process variables are deduced. With the help of these governing equations, critical study of the
processes parameters and their effects on the structural integrity of CNTs, it is possible to optimize
the processing methodologies of CNTs reinforced MMCs and get the maximum beneﬁt from the
unique properties of CNTs. It is assumed that better dispersion of CNTs in the metal matrices,
retaining the structural integrity of CNTs and optimization of process parameters would result in
better mechanical and tribological properties of CNTs reinforced MMCs.
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1. Introduction
Carbon nanotubes (CNTs) reinforced metal matrix com-
posites (MMCs) exhibit excellent mechanical and ther-
mal properties which make them promising materials to
withstand severe and harsh loading conditions. 1,2 The
incorporation of reinforcement in metal matrices, e.g.,
titanium (Ti),3–5 aluminum (Al),2,6,7 copper (Cu),8–10
Nickel (Ni),11–13etc., results in signiﬁcant improvements
in their properties such as tensile strength, elastic modu-
lus, thermal conductivity, hardness, and wear resistance.
These improvements advocate the replacement of con-
ventional unreinforced alloys (e.g., titanium, aluminum,
copper, etc.) by MMCs in a variety of engineering appli-
cations in aerospace and automotive industries. These
potentials of MMCs can be used in the development of
lightweight, high-strength structures which can with-
stand high temperatures and harsh structural loadings.
Another advantage of MMCs over unreinforced alloys is
that the mechanical and thermal properties of interest
can be tailored to meet the requirements.14
In MMCs, ductility is contributed by the host
metal matrix material whereas stiffness is incorpo-
rated in the composites from the reinforcement. The
selection of reinforcement materials, their volume
fractions, distribution in the metal matrix and process
parameters, all these factors governs the ﬁnal proper-
ties of the MMCs. In the last two decades, extensive
research has been carried out in discovering the use
of CNTs as a reinforcement material in MMCs.
CNTs were discovered in 1991 by Iijima et al.15 and
their unique mechanical (elastic modulus in TPa
range) and thermal properties (thermal conductivity
(kCNT) > 3000 W/m.K)
16 caught the attention of
many researchers around the globe. CNTs are gener-
ally produced by a variety of production techniques,
e.g., chemical vapor deposition (CVD) method,17,18
arc discharge method,19,20 etc. These production tech-
niques can be used to synthesize several physical
structures of CNTs, e.g., single-walled carbon nano-
tubes (SWCNTs), double-walled carbon nanotubes
(DWCNTs), and multi-walled carbon nanotubes
(MWCNTs). Different characterization techniques
have been developed to distinguish these different
physical structures of CNTs from each other. Mor-
phology of CNTs can be analyzed by using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) whereas amorphous and crystal-
line phases of CNTs can be characterized by using
Raman spectroscopy (RS).14 MWCNTs have been
emerged as promising reinforcements in MMCs
because they undergo plastic deformation under
severe bending stress conditions without showing
brittle deformation behavior.21 High aspect ratio of
MWCNTs, e.g., 100–100,000 gives them unique
ﬁbrous characteristics which are suitable to be
employed as reinforcement in MMCs. The challenge
remains to retain the morphology of MWCNTs and
their uniform dispersion in the matrix materials.22
Researchers have chosen different approaches to
address the challenges of uniform dispersion of
MWCNTs into metal matrix with minimal interfacial
reactions at the matrix/reinforcement interface. Severe
processing procedures damage CNTs and make them
to lose their structural integrity and eventually their
unique properties. 14 This article presents an evalua-
tion on the physical and chemical processing techni-
ques that have been adopted by researchers to solve
the dispersion challenges of CNTs in the metal and
polymer matrices. These processing techniques and
their effects on the structural integrity of CNTs have
been highlighted in this article.
2. sp2 carbon-carbon network in carbon
nanotubes
Carbon nanotubes (CNTs) have emerged as a promising
reinforcement for polymer and metal matrices because
of their unique mechanical and thermal properties with
elastic modulus in the terapascal (TPa) range and tensile
strengths of 150–200 GPa.23–29 These unique properties
of CNTs are attributed to their seamless cylindrical mor-
phology which is entirely composed of sp2 carbon-car-
bon (C-C) network.30–34 These sp2 C-C bonds forms a
hexagonal honeycomb lattice in CNTs with closed edges
with an inter-layer spacing of 0.34 nm.30,31 The ultra-
high aspect ratio of CNTs (»100–100,000) with diameter
in nm range and length in micron range, give them ideal
ﬁbrous morphology which is suitable to be employed as
reinforcement in the nano-polymer and metal.35–39 In
sp2 hybridized carbon structures, e.g., graphite, fuller-
enes, graphene and CNTs, etc., out of four valence elec-
trons, three electrons form a covalent bonding with in-
plane neighboring electrons while the fourth is allowed
to delocalize within the carbon atoms. This sp2 hybrid-
ization in carbon structures form a strong in-plane C-C
bonds while weaker out-of-plane bonds.16,31 Thus, CNTs
represent a perfect cylindrical structure composed of
hexagonal honeycomb lattice structure composed of sp2
C-C bonds without any in-plane dangling bonds.40 These
sp2 hybridization of carbon structures is associated with
a very high value of bond energy (»614 kJ/mol).41 As
discussed earlier, CNTs can be produced in different
physical structures in which SWCNTs and MWCNTs
are most widely used in laboratory and industrial scale
research.1,31,42–50 As compared to SWCNTs, MWCNTs
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were discovered earlier and extensive research then car-
ried out to utilize their unique properties.28,31,51,52
MWCNTs are composed of hollow concentric cylinders
(typically with outer diameter in the range of 10–30 nm)
held together by Van der Waals forces with a inter layer
spacing of 0.34 nm with a slight disorder present in the
stacked nanotube layers.31,53 Figure 1 shows the sche-
matics of the structures of SWCNTs and MWCNTs.
MWCNTs exhibit excellent mechanical properties
with Young’s modulus and tensile strength in the range
of 0.2–0.95 TPa (5 times stronger than stainless steel)
and 11–150 GPa, respectively.24,28 SWCNTs on the other
hand are composed of single layer seamless cylinder of
sp2 C-C network extended from end to end with diame-
ter typically in the range of a few nm (»1–2 nm) with
length in a few microns.31,34,54 A variety of techniques
can be used to produce these nanostructures on labora-
tory and industrial scales such as via arc-discharge
method (ADM),15,19,20,55–57 laser ablation method
(LAM),58–63 and chemical vapor deposition (CVD).17,18,64–67
Compared to ADM, CVD process for the synthesis of
CNTs has been extensively adopted by manufacturers
and researchers because of the better powder yield
(material’s recovery in the production batch) with mini-
mum nanoparticle impurities.31,68
3. Challenges in the processing of CNTs
reinforced composites
Extensive research has been carried out to translate the
unique properties of CNTs into the application driven
metal2,4–6,50,69,70 and polymer71–78 matrix composite
materials. In the aerospace and automobile industries,
weight savings with the development of such lightweight
and high-strength composite structures, trigger the
requirement of extensive research to make it a possibility
to a reality.79 Recently, a UK-based research organiza-
tion, center for process innovation (CPI), published a
report which stated that every 1% weight reduction in
aerospace structures is associated with » 0.75% of fuel
savings.80 This article encourages researchers to conduct
an extensive research on the CNTs reinforced compo-
sites. With the help of existing mathematical models,
which are mostly based on the rule of mixtures, the
mechanical properties of CNTs reinforced composites
can be theoretically estimated.14,79,81 But different proc-
essing methodologies adopted to manufacture CNTs
reinforced composites may result in different properties
from the theoretical predictions made for the properties
of the composites. These theoretical predictions are gen-
erally based on the perception that CNTs would exhibit
100% performance as reinforcement in the composites.
However, it was reported that production techniques
usually adopted for the mass production of CNTs, e.g.,
CVD, ADM, etc., originate defects in the CNTs.82 These
defects induced during processing reduce the functional-
ity of CNTs in the composites by inducing the non-sp2
defects in the graphitic structure of CNTs. The morphol-
ogy and structural integrity of CNTs in the same batch
can vary as a result of synthesis techniques and environ-
ment which may deteriorate unique mechanical proper-
ties of the CNTs.83 Therefore, it becomes equally
important to evaluate the quality, original structure, and
mechanical properties of CNTs before their utilization as
reinforcement in the polymer or metal matrix compo-
sites. Such an initial assessment of CNTs can therefore
be useful in quantifying the evolution of CNTs during
several composites processing stages. In such a way proc-
essing techniques and their parameters involved in the
composite fabrication can be optimized accordingly. The
manufacturing challenges related with CNTs reinforced
composites are mostly associated with the uniform dis-
persion of CNTs into the metal and polymer matrices.
Because of the nano-scale dimensions, characteristic
tubular morphology and presence of strong Van der
Waals forces, CNTs tend to make agglomerates.79,84
Figure 2 shows the morphology of agglomerates of
MWCNTs powder sample.
The orientation, alignment, in situ interfacial reac-
tions on the matrix and CNT interface, interfacial bond-
ing between CNTs and matrix materials, damage to
CNTs during the processing stages and limited amount
(1–5 wt%) of CNTs that can be efﬁciently incorporated
into the metal and polymer matrices, are the main chal-
lenges in the development of CNTs reinforced composite
structures.1,14,79,85–87 However, extensive observation of
evolution of CNTs during different processing stages of
composites, may be beneﬁcial for in-depth understand-
ing of processing parameters and their roles in determin-
ing the properties of the ﬁnal CNTs reinforced
composites. It has been reported that uniform dispersion
of reinforcement, e.g., CNTs, in the matrix materials
may result in the isotropic mechanical properties for the
composites.88–90
Figure 1. Schematic illustration of the structure of SWCNTS and
MWCNTs.
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4. Raman spectroscopy of CNTs reinforced
composites
Raman spectroscopy is the most widely used non-
destructive characterization technique for carbon based
structures. Applications of Raman spectroscopy have
been extensively used for the characterization of graph-
ite,91–93 fullerenes,94–96 graphene,92,97,98 carbon nano-
tubes,99–102 diamond,103–105 and amorphous carbon.106–
108 In case of CNTs, Raman spectra are generated by an
inelastic scattering of monochromatic incident light
focused on the samples through different laser systems.
Variety of lasers with different excitation wavelengths,
e.g., 457.9 nm (2.71 eV),109,110 514.5 nm (Ar-ion laser,
2.41 eV),20,111 632.2 nm (He-Ne laser,1.96 eV),102,111 and
785 nm (NIR laser, 1.58 eV)112,113 have been used to
characterize CNTs and CNTs reinforced composites.
Figure 3 shows the schematic of typical Raman spectros-
copy set-up for the characterization of CNTs.
Raman spectroscopy has been extensively used for the
characterization of sp2 carbons and their composites.114–
116 Based on the vibrational modes of the molecules,
Raman spectroscopy distinguishes different phases pres-
ent in the sample material. This characterization tech-
nique can be used to evaluate the diameter distribution
of SWCNTs by observing their radial breathing modes
(RBM),117–119 the disorders in the sp2 C-C bonds in
the CNTs,101,120 effect of nanotube-nanotube
interactions,121,122 and stress transferred to CNTs.123–126
In case of Raman spectra of SWCNTs, peaks in the fre-
quency range of 100–500 cm¡1 correspond to the RBM,
which is an out-of-plane radial stretching mode of
SWCNTs. RBM mode (ώRBM) is a strong function of the
diameters of SWCNTs.100,112,127 The relationship
between RBM frequency and corresponding diameters of
SWCNTs can be given by:99
vRBMD 248dt (1)
These phonon modes in Raman spectroscopy strongly
depend upon the laser excitation energy so the character-
istic peaks in the spectra are generally given in a range.99
The presence of RBM mode in the Raman spectra there-
fore provides a strong evidence of SWCNTs in the char-
acterized sample. For SWCNTs wrapped up with any
surfactants (used to improve their dispersions), Eq. [1]
can be modiﬁed as follows:99
vRBMD 228dt C 16 cm
¡ 1 (2)
As described in a previous section, MWCNTs are
composed of hollow concentric CNTs held together by
Van der Waals force. The outer diameter in MWCNTs
Figure 2. SEM image of MWCNTs showing the agglomerates and individual CNTs in the power sample.
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(10–40 nm) is generally very large as compared to the
inner tubes (1–2 nm). For this reason, the characteristic
RBM mode is not visible in the Raman spectra of
MWCNTs.128 Figure 4 shows a typical Raman spectrum
of MWCNTs powder sample. There are two main
characteristic graphitic peaks present in the Raman
spectrum of MWCNTs at 1340–1350 and 1560–
1580 cm¡1.120,126,129 The characteristic Raman peak at
1340–1350 cm¡1corresponds to the disorder-induced D
band. The D band is associated with the non-sp2 disor-
ders which are present in the network of sp2carbons in
the form of amorphous carbon, defects in side walls of
CNTs, vacancies, and heptagon-pentagon pairs induced
because of the open edges in CNTs.126 The characteristic
peak in the Raman spectrum at 1560–1590 cm¡1corres-
ponds to the in-plane stretching mode of C-C bonds in
the graphite network or the pristine arrangement of car-
bon atoms in the graphite plane.126,128,129 This band also
corresponds to the degree of crystallinity of the sp2 car-
bon materials and any peak broadening of G band can
be interpreted loss in their crystallinity due to induced
disorders.92,129
Another characteristic peak, G
0
band (2D band), in
the Raman spectrum of MWCNTs can be observed at
2600–2700 cm¡1, which is attributed to the overtone of
the D band.116,130 In a few studies, shifting of all these
characteristic bands to higher wave numbers has been
attributed to the less nanotube to nanotube interaction
which shows a better dispersion.116 Any strains induced
in the CNTs during the composite processing and stress
Figure 3. Schematic diagram of a typical Raman spectroscopy set-up for the characterization of CNTs.
Figure 4. Raman spectrum of MWCNTs powder showing the
characteristic D band and G band.
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transferred to them from the matrix material being a
reinforcement, can be interpreted by shifting of charac-
teristic Raman G band to a lower wavenumbers.84 Fur-
thermore, the characteristic Raman peak intensity ratio
of D band to G band (ID/IG) has been interpreted as
characteristic sp3/sp2 ratio in CNTs in many stud-
ies.123,131–134 Critical observation of this characteristic
Raman ratio during various composites processing stages
may allow evaluating the evolution of CNTs in the com-
posite. The stress transfer in CNTs during the composite
processing could be due to the compressive forces during
the mixing, blending, cold pressing, and high-tempera-
ture sintering stages in the fabrication of CNTs rein-
forced MMCs. Another reason of the stresses induced in
CNTs may be attributed to the thermal mismatch
between the CNTs and the matrix material. The critical
analysis of Raman peaks allows the researchers to quanti-
tatively evaluate the structural integrity and purity of
CNTs in the composites. This evaluation could also be
beneﬁcial for the optimization of process parameters for
the composite processing.
5. Physical methods to overcome agglomeration
of CNTs
Extensive research has been carried out to improve the
dispersion of CNTs in metal matrices by using mechani-
cal methods such as high-energy ball milling,3–5 low-
energy ball milling,50,135 and ultra-sonication.2,136–138
The bottle neck for these physical methods which were
adopted to improve the dispersion of CNTs in metal
matrices was the extensive damage to CNTs. This article
presents an effort to investigate the effects of these
physical methods, i.e., ball milling and sonication, which
were most widely employed to improve the dispersion of
CNTs in matrix materials.
5.1. High-energy ball milling
High-energy ball milling (HEBM), also known as mechan-
ical alloying (MA), is a solid state diffusion-assisted process
which is widely used to synthesize various alloys, compo-
sites, and metastable solid solutions state and nano-crystal-
lite materials.139,140 In case of CNTs reinforced MMCs,
HEBM has been extensively used to break down the
agglomerates of CNTs and to enhance their dispersion in
the metal matrices.50,141–143A planetary ball mill is gener-
ally used to perform the process of MA.50,142 In this tech-
nique, the starting powders are fed into the milling vials
with grinding balls, e.g., stainless steel and tungsten carbide
balls, etc. This process of HEBM incorporates blending
and mixing of the charged powders. The charged powders
experience severe plastic deformation and thus fragmenta-
tion, cold welding, and fracturing of the powders take
place.3,14,144 Figure 5 shows a schematic illustration of a
planetary ball mill.
The milling environment and milling variables, e.g.,
milling duration, milling speed, ball to powder ratio
(BPR), diameters of grinding balls, and intervals between
the milling, govern the kinetics of the milling process
which translates into the quality of the dispersion of CNTs
in the metal matrices.14 Despite the effectiveness of MA
technique in dispersing CNTs into the metal matrices, it
has been reported that harsh milling conditions, e.g., long
milling durations, high BPRs, and high milling speeds,
damage the structural integrity of CNTs.50,141,145–150
Figure 5. Schematic illustration of a typical planetary ball mill.
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Surface defects along the side walls of CNTs and
structural disorders in the form of vacancies and open
edges generate in CNTs during the ball milling process.
These structural defects and disorders become the poten-
tial sites for in-situ interfacial reactions. Many research-
ers have reported the fracturing and shortening of CNTs
during the milling process. CNTs experience severe
bending stresses as the grinding media hit the cylindrical
side walls and buckling of CNTs takes place.141,151 The
deterioration of the sp2carbon network in CNTs leads to
the formation of non-sp2disorders, which makes CNTs
lose their unique mechanical and thermal properties.
Ultra-high aspect ratios of CNTs (typically in the range
of 100–100,000) make them an ideal reinforcement for
metal and polymer matrices.38 In addition to ultra-high
aspect ratio of SWNCTs, the high speciﬁc surface area
(SSA) of SWCNTs (typically 1300 m2/g) is yet another
feature which attracts researchers to incorporate them as
reinforcement in polymer and metal matrices.38
Higher speciﬁc surface area (SSA) of CNTs enhances
their stress transfer from the matrix and load carrying
capabilities. But these higher SSAs of SWCNTs make
them difﬁcult to disperse in the metal matrices as they
tend to agglomerate because of strong attractive forces
between them. Compared to SWNCTs, DWCNTs have
SSA in the range of 600–800 m2/g. MWCNTs on the
other hand have large diameters as compared to
SWCNTs (typically in the range of 10–30 nm) with
decreased SSA (typically in the range of 200 m2/g). The
reduced SSA improves the dispersion capabilities of
MWCNTs but at the same time reduced aspect ratio
affects their load carrying capabilities adversely because
of the limited matrix/reinforcement interface.38 The
effect of HEBM on the aspect ratio has been studied
extensively by researchers for this reason.141,150,152 Kuko-
vecz et al.153 investigated the effect of milling duration
on the shortening of MWCNTs and developed a rela-
tionship between these two variables:
lMWCNT D ¡ 1927C 2865e¡ t598ð ÞC 1202 e¡ t0:5ð Þ ; (3)
where lMWCNT is the length of MWCNT and t is milling
time.
Kelly et al.154 established a relationship for critical
length, lc, required for an effective load transfer to rein-
forcements of ﬁbrous morphology:
lcD sf D2t 1¡
Di2
D2
; (4)
where sf is the ultimate tensile strength of reinforce-
ment, D and Di are the outer and inner diameters of the
reinforcement, and t is the matrix/reinforcement interfa-
cial strength.
It has been reported previously that shortened ﬁbrous
morphology and reduced aspect ratio of CNTs result in
inefﬁcient load carrying capabilities and thus affect the
resultant properties of the composites.155 Coleman
et al.37 calculated the critical length required for an effec-
tive matrix/reinforcement interface which was 400 nm
for SWNTS and 100–500 nm for MWCNTs produced
from CVD method. Their work suggested that for an
efﬁcient stress transfer from matrix to reinforcement,
length of CNTs should be as long as 5 mm but this gener-
ates another challenge of dispersion such long CNTs in
the matrix materials.
Aside from the shortening and increase in SSA of
CNTs during ball milling, extensive research has been
carried out in studying the qualitative evolution of CNTs
during the ball milling process.141 Raman spectroscopy
has been widely used to characterize the evolution of
CNTs in the powder mixtures during HEBM. The ID/IG
ratio in Raman spectra of CNTs has been used by various
researchers to study the crystallinity and defects in CNTs
before and after HEBM process.141,142,156–159 Kim
et al.141 suggested that after 24 h of ball milling charac-
teristic ID/IG ratio of CNTs increased from 0.659 to
0.755 whereas SSA increased from 49.8 m2/g to
101.7 m2/g. Tao et al.159 demonstrated an amorphous
phase and generation of open ends in MWCNTs after
4 h of ball milling of Fe-MWCNTs powder mixtures. Liu
et al.142 reported a 20% increase in ID/IG ratio (1.17 to
1.40) of MWCNTs after 6 h of ball milling of MWCNTs-
Al powder mixtures. This ratio further increased 60% as
milling time reached 12 h. The formation of aluminum
carbide phase (Al4C3) increased as the milling time
crossed 6 h. Ahn et al.160 demonstrated the reduction in
aspect ratio, formation of amorphous phase and struc-
tural defects in the form of open edges in MWCNTs at
extended milling durations of 10 h and 30 h and higher
milling intensities. Oh et al.161 studied the evolution of
SWCNTs in HEBM and demonstrated the formation of
open edges thus conforming the non-sp2structural disor-
ders in SWCNTs during the ball milling. They inter-
preted the originated defects in SWCNTs as conversion
of sp2 to sp3 hybridized carbons. Many researchers have
previously interpreted the increase in the intensity of
characteristic Raman peak D band as the formation of
sp3defects in sp2carbon-carbon network of CNTs during
various synthesis processes.53,100,162 Konya et al.163
reported the collapse and ﬂattening of the inner and side
walls of MWCNTs after ball milling for 120 h using the
vibrator mill. SSA of MWCNTs increased from 254 to
290 m2/g. High resolution transmission electron micros-
copy (HRTEM) observation showed the opened and
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bent end tips of MWCNTs under severe induced stresses
during the milling process. Generation of ﬂattened
MWCNTs with collapsed, bent and open end tips, may
be called as zipper effect as reported by Chopra et al.164
These structural defects and deformation of side walls in
CNTs suggest that ball milling changes the morphology
and eventually affect their unique properties. The load
carrying capabilities of CNTs are highly dependent upon
their tubular and structural integrity.165 Liu et al.146
reported the shortening of MWCNTs during HEB. A
ball milling was carried out at the rotational speed of
200 rpm for 3 h while keeping BPR 4:1, in the study of
the behavior of MWCNTs. Their results showed the
100% increase in the speciﬁc surface area of MWCNTs.
The morphology of MWCNTs also changed with open
ends and structural defect concentrations on the side
walls. Li et al.147 employed a shaker mill to disperse
MWCNTs in iron powder. Ball milling was carried out
for different durations while keeping the BPR 30:1. Their
TEM observation demonstrated the structural defects
and transformation of MWCNTs into carbon nanopar-
ticles and amorphous carbon when milling time reached
1 h. On the other hand, Pierard et al.150 used a vibrator
mill at 3000 vibrations/min assisted with an agating ball
of 5 cm diameter to shorten CNTs. HRTEM images
revealed that CNTs were shortened from starting length
of 50 mm to 2.8 mm when ball milling time reached 2 h
and further decreased to 0.7 mm after 12 h milling dura-
tion. The stress induced in CNTs during the milling pro-
cess can be relieved when the load is removed because of
their high elastic modulus but if they are embedded in a
metal matrices, then these stressed CNTs may break.150
Structural defects in the form of collapse and ﬂattening
of MWCNTs, during the ball milling, were also observed
by Ahn et al.160 They used a planetary ball mill to study
the effect of dry and wet ball milling on structural modi-
ﬁcation of MWCNTs. Dry ball milling resulted in multi-
layered graphite structures with partial amorphous
phase. Whereas ethanol assisted wet milling of
MWCNTs resulted in shortened MWCNTs with open
ends. Their work suggested that shortened and open
tipped CNTs can be ﬁlled with nano particles because of
the capillary inﬁltration during the milling process.
All of this previous work indicates that HEBM tech-
nique, despite its effectiveness in the dispersion of CNTs
into the metal matrices, adversely affects the structural
integrity of CNTs. Researchers have reported the short-
ening, open ends, collapse, ﬂattening, and transforma-
tion of CNTs into amorphous phase during the HEBM
process. These structural defects in the form of vacancies,
open ends, and transformation into an amorphous phase
may trigger interfacial reactions at metal-CNT interface,
which make composites lose their ductility. On the other
hand, insufﬁcient dispersion of CNTs and poor CNT-
matrix interface reduce the strength of the composites by
generating micro-cracks at the interface.7,50,85,166–168 The
high aspect ratio of CNTs makes them more vulnerable
to buckling165 because of high impact intensities of col-
liding balls during the milling process. The critical stress,
sc; at which buckling in reinforcements of ﬁbrous mor-
phology (e.g., CNTS) happens, can be given by:165,169
scDECNT mprL
 2C 2K
p
L
mpr
 2
(5)
where ECNT is the Young’s modulus of carbon nanotubes,
m is number of half waves in which the carbon nano-
tubes subdivides on buckling, K is the foundation modu-
lus which reﬂects the reinforcement-matrix interface, L
is the length of CNTs, and r is the radius of CNTs.
The foundation modulus for strong reinforcement-
matrix interface is given by:165
Kstrong interfaceD
4pEm
1¡ gð Þ
1C gð Þ
3¡ 4gð ÞK0 mprL
  (6)
where Em is the Young’s modulus of the matrix material,
g is Poisson ratio of the matrix material, and Ko is the
modiﬁed Bessel functions of the second kind.
For a weak matrix-reinforcement interface, the foun-
dation modulus is given by:165
Kweak interfaceD
4pEm
1¡ gð Þ
1C gð Þ
3¡ 4gð ÞK0 mprL
 CK1 mprL 2 (7)
where K1 is the modiﬁed Bessel function of the second
kind.
Lourie et al.165 calculated the critical stress which
cause buckling of CNTs of different aspect ratios. Their
results showed that for CNTs with aspect ratio (L/D)
27.1 with weak CNT-matrix interface, the critical buck-
ling stress was 105.2 GPa, whereas, for strong CNT-
matrix interface the critical buckling stress was
120.1 GPa. Figure 6 shows a schematic illustration of dif-
ferent forms of structural disorders induced in CNTs
during the HEBM process.
5.2. Sonication-assisted dispersion of CNTs
As discussed previously, despite a promising reinforce-
ment for MMCs, one of the major challenges is to uni-
formly disperse the CNTs into the metal matrices.
Because of the highly strong Van der Waals forces
between individual and neighbor tubes (500 eV/mm of
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tube length for SWCNTs), CNTs form big clusters and
agglomerates.170 The other reason for the agglomeration
is the enormously high surface area of CNTs (typically
1000 m2/g for nano-particles).171 The high aspect ratios
of CNTs further impede their uniform dispersion
because of the entanglement of nanotubes. The presence
of CNTs in the form of agglomerates and clusters do not
provide a 3D network, these characteristic features affect
the efﬁcient load carrying capabilities of CNTs in com-
posites. Ultra-sonication is a physical method to break-
down the large agglomerates of CNTs in which an
ultrasonic bath is employed for the dispersion of
CNTs.77,129,172–178 This mechanical method has been
widely used by researchers to disperse and de-bundling
CNTs from their agglomerates. De-bundling of CNTs
occurs when shock waves produced by a sonicator
interact with the CNTs clusters through the medium.
Extensive research has been carried out to improve
the dispersion and solubility of CNTs into metal
and polymer matrices by sonicating CNTs in
different surfactants (surface active agents) and
solvents, e.g., ethanol,176,179–184 octyl phenol ethoxylate
(Triton-X100),185–188 sodium dodecyl sulphate
(SDS),178,187,189,190 sodium dodecylybenzenesulfonate
(SDBS),76,186,188,189,191,192 dodecyltrimethyl ammonium
bromide (DTAB),74,76,193–195 and hexadecyltrimethyl
ammonium bromide (CTAB).186,188,196–199 Fig. 7 Because
of the high sonication energy, shock waves introduced in
CNTs-solvent suspensions may result in heating up the
samples. This induced heat is capable of triggering inter-
facial reactions and formation of unwanted phases if
sonication does not carry out in intervals. The critical
sonication parameters, e.g., sonication time, sonication
energy, and intervals govern the dispersion and de-bun-
dling of CNTs. Figure 7 shows a schematic diagram of a
ultra-sonication process adopted to de-bundle CNTs.
Just like harsh ball milling conditions, high sonication
energy and prolonged sonication time can damage the
CNTs and introduce structural defects and disorders in
sp2carbon-carbon network of CNTs.175,178,200–202 Studies
have been carried out to observe the effect of sonication
treatment on the structural integrity of CNTs.172,175,203
The intensity of disorder band (D band) in Raman spec-
tra of CNTs increases with the harsh ultra-sonication
conditions. This increase in D band intensity has been
attributed to the sp3 defects in CNTs.204 Mukhopadhyay
et al.205 reported the conversion of CNTs into amor-
phous carbon nanoparticles and the formation of
deformed graphene layers. CNTs experience severe shear
and bending stresses during the sonication process.71,178
The high turbulence in ultra-sonication waves generate
expansions and compression waves in the sonicated
medium and form cavitation bubbles.71,203 The implo-
sion of these cavitation bubbles forms the hotspots and
shock waves in the medium of the dispersant containing
CNTs.77,173,206–208 Extensive research has been carried
Figure 6. Schematic illustration of the disorders induced in CNTs during HEBM process.
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out to develop an understanding about the sonication
mechanism of CNTs.172,203 These hotspots may reach
the temperature and pressure of 5000 K and 500 bars,
respectively, and encounter strong van der Waal forces
between them.209,210 Under these conditions implosion
of cavitation bubbles can cause high strain rates
(»109/s)211,212 and shear stresses can reach 100 MPa in
low viscosity dispersant medium.71 Figure 7 shows a
schematic of the formation of cavitation bubbles and
resulting evolution of CNTs during the sonication
process.
Critical sonication parameters, e.g., sonication time,
energy, medium, and concentration of CNTs in the
medium, play an important role in determining
the efﬁciency of the dispersion of CNTs. Extensive
research has been carried out to develop a relation-
ship between sonication time and degree of CNTs
dispersion in the dispersant medium.175,178,184,213–217
It has been observed that prolonged sonication of
CNTs not only cause the shortening but also damage
the side walls of CNTs.184,200,204,218,219 The shortening
of CNTs because of aggressive sonication may reduce
their aspect ratio which eventually affect their load
carrying capabilities in the composites because of the
reduced interface. The ultra-high elastic modulus of
CNTs (»0.2–1 TPA)220–222 is a strong function of
their aspect ratios. For CNTs reinforced composites,
the relationship between the elastic modulus and
aspect ratio of CNTs can be evaluated by:223
EcD 38
1C 2 A:Rð ÞhL VCNT
1¡ hL VCNTð Þ
 
C 5
8
1C 2hT VCNT
1¡ hT VCNTð Þ
  	
Em
(8)
hL D
ECNT
Em ¡ 1
ECNT
Em C 2 A:R
(9)
hT D
ECNT
Em ¡ 1
ECNT
Em C 2
(10)
where A.R is aspect ratio of CNTs deﬁned as length to
diameter ratio (LCNT/dCNT), VNT is the volume fraction
of CNTs in the composite, Em is the elastic modulus of
the matrix material, Ec is the equivalent elastic modulus
of the CNT reinforced composite, and hL and hT are
the elastic moduli in the longitudinal and transverse
directions, respectively.
It is therefore important to optimize the sonication
parameters to achieve adequate degree of dispersion of
CNTs in the composites. The sonication energy is
another factor which play an important role in the dis-
persion of CNTs. Researches proposed that a sufﬁcient
amount of sonication energy is required to break down
the agglomerates of CNTs.177,201,224–231 Yang et al.225
Figure 7. Schematic diagram of the ultra-sonication process used for the dispersion of CNTs: (a) MWCNTs agglomerates dispersant in
the solvent placed in the sonication bath, (b) formation of cavitation bubbles during the sonication process, (c) implosion of cavitation
bubble near the CNTs, (d) generation of shock waves on the implosion of cavitation bubbles, and (e) formation of hotspots and resulted
damages to CNTs.
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proposed that the dispersion degree of CNTs is a func-
tion of sonication energy, and sufﬁcient amount of soni-
cation energy (J/mL) is required for an adequate
dispersion degree of CNTs, which is given by:
E D P £ t
V
(11)
where E is the sonication energy in J/mL, P is the output
power of a sonicator in Watts, t is the sonication time in
seconds, and V is the total volume in mL to be sonicated.
As compared to SWNCTs in which neighboring car-
bon atoms form a strong covalent bond, MWCNTs are
composed of a number of adjacent tubes which hold
together by comparatively weaker van der Waals forces
(» ¡100 eV).221 This weak binding in stacked layers in
MWCNTs may cause slippage between adjacent layers
during the loading conditions. For this reason MWCNTs
require lower level of sonication energy to obtain an ade-
quate degree of dispersions.170,177 Huang et al.71 demon-
strated that a sufﬁcient amount of energy density
(»100 MPa) was required to separate the parallel
SWCNTs with the aspect ratio (length/diameter) of
1000. This higher value of energy density of 100 MPa
was attributed to the strong Van der Waals forces
(» ¡103eV)232 between individual SWCNTs. In case of
parallel MWCNTs of outer diameter 60–100 nm, com-
paratively lower energy density (»16 kPa) was required
to separate them. In order to a better dispersion of
CNTs, by completely separating them from each other,
an adequate level of stress has to be transferred to CNTs
which should be greater than the binding energy of their
clusters. Therefore it has been concluded that shorter
CNTs (of lower aspect ratios) were easier to disperse and
they offered higher fracture resistance than those CNTs
of higher aspect ratios.71,202 The supplied mechanical
energy should be in between the adequate energy density
requirement to break down the agglomerates of CNTs
and fracture resistance of CNTs. On the other hand,
shortening of CNTs for a better dispersion may make
them lose their unique morphology and properties for
which they were chosen as a reinforcement material for
the composites. It is therefore important to optimize the
critical parameters of sonication and other mixing pro-
cesses to retain the morphology and properties of CNTs.
The local shear stress transferred to individual CNT is
given by:71
sshear D h Vs¡VCNTdCNT
 
(12)
where h is the viscosity of the dispersant solvent, Vs is
the velocity of the solvent, VCNT is the velocity
of the carbon nanotube, and d is the diameter of the
CNT.
CNTs experience a frictional force (F) because of the
surrounding viscous solvent around them which is given
by:203
FD h de
dt
LCNT
2 ; (13)
where dedt is the strain rates induced by the imploding
cavitation bubbles and are typically in the range of 109/s.
From Eq. [12], it can be seen that the shear stresses
transferred to the individual CNT is a function of disper-
sant viscosity. It has been observed that during the soni-
cation process the CNTs are surrounded with a viscous
dispersant. Shear stresses transfer from the viscous dis-
persant to the CNTs because of the difference in the
velocities of the dispersant and CNTs. This shear stress
transferred to the CNTs depends upon the distance of
CNT from the imploding cavitation bubble whose diam-
eter is in tens of microns.71 Once the distance and con-
ﬁguration of imploding cavitation bubble is known, the
net tensile stress acted upon an individual CNT is given
by:71
stensileD 8hdCNT 2 Rb
2Vb
1
x S ¡
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SC LCNTp
 	2
(14)
where Rb is the radius of the cavitation bubble, Vb is the
relative velocity of the bubble, and S is the distance
between the CNT and the bubble.
For a CNT of diameter, d»10 nm, and length,
L»10 mm, dispersed in a solvent of viscosity, h » 0.1 Pa.
sec with a distance and velocity of cavitation bubble,
S»10 mm and Vb 108sec¡1, the typical value of tensile
stress applied on CNT approaches 100 GPa. Thus, under
such high stressed condition, shortening of CNTs takes
place.35,172,233 The threshold length, Llim, after which
CNTs would not experience any more shortening is
given by:71
LLimD
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
dCNT2sc
2h VbRb
 
s
(15)
where sc and dCNT are the ultimate tensile strength and
diameter of an individual CNT, respectively.
Lucas et al.203 calculated the threshold length of
MWCNTs of outer diameter 20 nm, which was 0.2–
0.4 mm. It was further demonstrated that CNTs with
lower aspect ratios and higher tensile strength offer more
resistance to fracture during the sonication process.
Hunag et al.71,233 further developed a relationship
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between fracture resistance (F.R) of the CNT as a func-
tion of their aspect ratios which is given by the:
F:RD 0:5 sc A:Rð Þ2 (16)
where A.R is the aspect ratio of CNTs.
If the local shear stresses induced to CNTs during the
sonication process are higher than their fracture resis-
tance (F.R) values, then shortening of the CNTs takes
place. Lucas et al.203 studied the shortening of the CNTs
during the sonication process and described the shorten-
ing of CNTs as a function of sonication energy (Eson)
and sonication time (tson) which is given by:
LCNT » Esonð Þn ; n» ¡ 0:21§ 0:02 ; (17)
LCNT » tsonð Þ¡ n; n» 0:21§ 0:02 (18)
Montazeri et al.72 studied the dispersion of MWCNTs
in the polymer matrix and resulting mechanical proper-
ties of the nano-composite. Their work suggested that
the mechanical properties of the composite were affected
by the increase in sonication time. This was attributed to
the damage occurred to MWCNTs during the sonication
process. However, their work did not quantify the dam-
age incurred to the MWCNTs during the composite
processing. The degree of dispersion and orientation of
CNTs in the matrix materials affect the mechanical
properties of the nano-composites. This orientation fac-
tor governs the effective elastic modulus of CNTs. The
Halpin-Tsai equation is widely used to evaluate the effec-
tive mechanical properties of the reinforcements and
their composites. Taking into consideration the orienta-
tion factor (a), of MWCNTs in the matrix materials, the
effective Young’s modulus of the MWCNTs (EMWCNTs)
can be given by:234
EMWCNTsD .2A:RC vMWCNT/Ec¡ 2A:R 1¡ vMWCNTð ÞEm
a½ 2A:R vMWCNT C 1ð ÞEm¡ 1¡ vMWCNTð ÞEc
 	
Em ;
(19)
where A.R is the aspect ratio (length to diameter ratio) of
MWCNTs, Ec is the elastic modulus of the composite,
Em is the elastic modulus of the matrix material, nMWCNT
is the volume fraction of MWCNTs in the composite
and a is the orientation factor for MWCNTs in the com-
posite (a D 1/3 for discontinuous longer CNTs and 1/6
for shorter randomly oriented CNTs).
Lu et al.204 studied the mechanical damage to CNTs
during the sonication process by using Raman spectros-
copy and transmission electron microscopy (TEM).
Their work suggested that extensive sonication of CNTs
not only introduce non-sp2defects in the carbon struc-
tures but also have the potential to convert them into
amorphous carbons. Their work further demonstrated
that the intensity of the defects, induced in CNTs during
the sonication process, is a strong function of viscosity of
the medium used as dispersant.
Kun et al.170 studied the optimal energy (Eopt) which
was required for an adequate degree of dispersion for
SWCNTs and MWCNTs. Their work suggested that dis-
persion of CNTs in an anionic surfactant SDBS was
strongly dependent on the outer diameter (OD) of CNTs
which is given by:
Eopt D 2570§ 363ð Þ£exp ¡OD46:2§ 16:7
 
¡ 210§ 388ð Þ
(20)
In case of SWCNTs, the optimal energy for an adequate
dispersion of SWCNTs was measured as 2250 § 250 J/ml,
whereas for MWCNTs of outer diameters 30, 50, and
100 nm, the optimal sonication energy was 1600 § 150,
600 § 150, and 250 § 75 J/mL, respectively. The decrease
in sonication energy with an increase in outer diameter
was attributed to the corresponding decrease in Van der
Waals forces between individual CNTs. The defect concen-
tration in CNTs during the sonication process in the form
of shortening or buckling and due to generation of vacan-
cies and dislocations in the carbon-carbon network of
CNTs, triggers the requirement of the optimization of the
sonication process. The critical sonication parameters, e.g.,
time, energy, CNTs to solvent concentration, and choice of
dispersant solvents, are needed to be carefully chosen in
order to develop an effective and efﬁcient dispersion of
CNTs.
6. Conclusion
 The unique properties of CNTs can be translated
into signiﬁcantly enhanced mechanical and tribo-
logical properties of the CNTs reinforced compo-
sites through preserving the structural integrity of
CNTs.
 The production techniques of CNTs can induce
structural defects in their C-C network which may
adversely affect the unique mechanical properties of
CNTs. It is therefore recommended to perform an
initial evaluation of the original structure and
mechanical properties of CNTs before their incor-
poration as reinforcement in the matrix materials.
 The sp2 carbon-carbon bonds present in the gra-
phitic network of CNTs could be damaged by using
the harsh processing conditions during the synthe-
sis of CNTs reinforced composites.
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 Harsh ball milling conditions damage the CNTs by
introducing open edges, side wall non-sp2 disorders,
and vacancies in the carbon-carbon network of
CNTs.
 The crystallinity of CNTs decreases once the
induced damages become signiﬁcant during the
composite processing stages.
 CNTs are likely to make large agglomerates and
clusters because of the presence of strong Van der
Waals forces between them.
 High-energy ball milling and ultra-sonication are
effective mechanical dispersion techniques through
which better dispersion of CNTs in the matrix
materials can be obtained by choosing the opti-
mized process parameters.
 Superior properties of CNTs reinforced composites
to unreinforced are linked to the degree of disper-
sion and preserved degree of crystallinity of CNTs
in matrix materials.
 Raman spectroscopy is an effective technique to val-
idate the structural integrity of CNTs during various
processing techniques and to quantify the non-
sp2defects in the network of CNTs.
 The characteristic Raman ratio (ID/IG) can be inter-
preted as the sp3/sp2ratio in CNTs and thus can be
quantitatively quantify the evolution of CNTs dur-
ing the composite processing.
 With the help of governing equations deduced to
quantify the change in aspect ratios of CNTs during
the ball milling and ultra-sonication processes,
resulting properties of the composite can be linked
to the key milling and sonication process variables.
 Based on the relationship between process variables
and the resultant of sp2 C-C network in CNTs, an
algorithm can be developed to achieve the mechani-
cal, thermal and other properties of speciﬁc interest.
 The challenges of dispersion, wettability, and strong
interfacial bonding of CNTs with metal matrices
can be addressed with the optimization of key pro-
cess parameters.
 It may be concluded that by optimization of key
process parameters it is possible to retain the unique
properties of CNTs in the metal and polymer matri-
ces which can lead to the development of CNT
based MMCs of magniﬁcent mechanical, thermal,
and electrical properties.
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Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment 260
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terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.
LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non­exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper­text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.
Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password­protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
A preprint is an author's own write­up of research results and analysis, it has not been peer­
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society­owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author­
incorporated changes suggested during submission, peer review and editor­author
communications.
Authors can share their accepted author manuscript:
  immediately
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by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation­only work group on
commercial sites with which Elsevier has an agreement
  after the embargo period
via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
  link to the formal publication via its DOI
  bear a CC­BY­NC­ND license ­ this is easy to do
  if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value­adding publishing activities including peer review co­ordination, copy­editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full­text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author­selected end­user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
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party re­use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC­BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY­NC­SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by­nc­sa/4.0.
CC BY NC ND: The CC BY­NC­ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by­nc­nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:
  Associating advertising with the full text of the Article
  Charging fees for document delivery or access
  Article aggregation
  Systematic distribution via e­mail lists or share buttons
Posting or linking by commercial companies for use by customers of those companies.
20. Other Conditions:
v1.8
Questions? customercare@copyright.com or +1­855­239­3415 (toll free in the US) or
+1­978­646­2777.
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1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).
GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit ­ "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com)
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment 265
7/11/2016 RightsLink Printable License
https://s100.copyright.com/AppDispatchServlet 3/5
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
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Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
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integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper­text must be
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17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
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uses or as part of an invitation­only research collaboration work­group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation­only work group on
commercial sites with which Elsevier has an agreement
  after the embargo period
via non­commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement
In all cases accepted manuscripts should:
  link to the formal publication via its DOI
  bear a CC­BY­NC­ND license ­ this is easy to do
  if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.
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formal publication on ScienceDirect.
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submitted to your institution in either print or electronic form. Should your thesis be
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Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
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